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Abstract
The occurrence of neuropsychiatric disorders and substance abuse is subject to familial inheritance
(nature) as well influence from the environment (nurture). In addition, familial patterns of behavior and
disease are also mediated by transgenerational epigenetic inheritance. The dynamic nature of the
epigenome allows for exposures to stress, drugs of abuse, environmental toxins, and even changes in diet
to produce changes in gene expression. In addition these changes can be inherited by offspring.
Therefore, offspring behavior and quality of life are shaped by their own experiences as well as the
experiences of their parents and more distant relatives. The studies in this dissertation had two
objectives: first to identify the transgenerational inheritance of adolescent stress exposure and its effects
on offspring behavior including response to nicotine and second, to determine the cross-generational
interaction of nicotine and stress exposures on offspring behavior. To address the first objective, we
exposed male and female mice to adolescent stress exposure, determined the long-term effects of
exposure on their behavior, and identified changes in phenotype in their F1 and F2 offspring. We found
that adolescent stress exposure produced changes in anxiety, startle response, and gene expression in
adulthood that was not found when the same stress exposure occurred in adult mice. In addition, we
found that transgenerational inheritance of adolescent stress exposure promoted sex- and lineagedependent changes in anxiety, depression, startle, and response to nicotine in F1 and F2 offspring.
Furthermore, to determine if parental stress exposure influenced gene expression in the brains of
offspring we analyzed the transcriptome of F1 males and found 240 differentially expressed genes in the
amygdala of males whose fathers were exposed to stress. In our final study, we developed a novel
multigenerational exposure paradigm and determined that F0 nicotine and F1 stress exposure interact
across generations to produce unique phenotypes in F2 and F3 offspring. Together, research from this
dissertation provides evidence of an adolescent chronic stress exposure that mediates anxiety in
adulthood and is inherited in future generations by reprogramming the brain of offspring, and provides the
first example of cross-generational interactions of two environmental exposures to influence offspring
phenotype.
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ABSTRACT
SEX, DRUGS, AND TRANSGENERATIONAL INHERITANCE:
ARE THE KIDS ALRIGHT?
Nicole L. Yohn
Julie A. Blendy

The occurrence of neuropsychiatric disorders and substance abuse is subject to familial
inheritance (nature) as well influence from the environment (nurture). In addition,
familial patterns of behavior and disease are also mediated by transgenerational
epigenetic inheritance. The dynamic nature of the epigenome allows for exposures to
stress, drugs of abuse, environmental toxins, and even changes in diet to produce changes
in gene expression. In addition these changes can be inherited by offspring. Therefore,
offspring behavior and quality of life are shaped by their own experiences as well as the
experiences of their parents and more distant relatives. The studies in this dissertation had
two objectives: first to identify the transgenerational inheritance of adolescent stress
exposure and its effects on offspring behavior including response to nicotine and second,
to determine the cross-generational interaction of nicotine and stress exposures on
offspring behavior. To address the first objective, we exposed male and female mice to
adolescent stress exposure, determined the long-term effects of exposure on their
behavior, and identified changes in phenotype in their F1 and F2 offspring. We found that
adolescent stress exposure produced changes in anxiety, startle response, and gene
expression in adulthood that was not found when the same stress exposure occurred in
v

adult mice. In addition, we found that transgenerational inheritance of adolescent stress
exposure promoted sex- and lineage-dependent changes in anxiety, depression, startle,
and response to nicotine in F1 and F2 offspring. Furthermore, to determine if parental
stress exposure influenced gene expression in the brains of offspring we analyzed the
transcriptome of F1 males and found 240 differentially expressed genes in the amygdala
of males whose fathers were exposed to stress. In our final study, we developed a novel
multigenerational exposure paradigm and determined that F0 nicotine and F1 stress
exposure interact across generations to produce unique phenotypes in F2 and F3
offspring. Together, research from this dissertation provides evidence of an adolescent
chronic stress exposure that mediates anxiety in adulthood and is inherited in future
generations by reprogramming the brain of offspring, and provides the first example of
cross-generational interactions of two environmental exposures to influence offspring
phenotype.
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CHAPTER 1
GENERAL INTRODUCTION
Much of the content in this chapter was originally published in Progress in Biophysics
and Molecular Biology, 2015 Jul, Vol. 118(1-2):21-33, PMID: 25839742.
I. Inheritance of familial experience
Familial inheritance patterns suggest that the behavior of genetically similar
individuals is a product of their genome (Darwin, 1859; Laland et al., 2014). However,
physiological systems are able to respond and adapt to changes in real time in their
environment, making it so that traits are a product of the environment as well. While
natural selection is an efficient process of generational responses to environmental
challenges over a long period of time, there is evidence that nongenetic processes, or any
process that is brought about by the transmission of factors to offspring other than
sequences of DNA, may establish stable phenotypes that can be inherited through
germline transmission (Bonduriansky et al., 2012). Nongenetic inheritance of phenotype
is modulated by mechanisms that include social learning (Aoki and Feldman, 2014),
nutrition or maternal contribution (Mousseau and Fox, 1998), somatic factors such as
hormones (Groothuis and Schwabl, 2008), and epigenetic variants in the genome
(Youngson and Whitelaw, 2008; Roux et al., 2011; Ashe et al., 2012; Liebers et al.,
2014). In light of these findings, familial patterns of phenotypic inheritance are a function
of nature and nurture, and the longevity of inheritance through several generations of
offspring suggests that nature can be translated as a heritable nongenetic component and
incorporated into the genome (Szyf, 2015). Therefore, nongenetic transmission gives rise
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to phenotypic plasticity so that the phenotype of offspring not only depends on the genes
it inherits and its own environment but also on the phenotype and environment of the
parents or more distant ancestors (Uller, 2008). Epigenetic modifications to DNA that
ultimately produce functional consequences in phenotype provide a means by which
parental experience can be transmitted to offspring by creating an intersection of parental
environment and offspring gene expression.

Evidence of a neo-Lamarckian evolution theory
Although predominantly discounted for his theory that parental environment
promotes behavioral alterations associated with evolution, the ideas of the French
naturalist Jean-Baptiste Lamarck (1744-1829) deserve to be revisited. With growing
research on environmental epigenetics and epigenetic mechanisms of inheritance, a
possible molecular mechanism to explain Lamarckian theories of evolution has been
identified. Therefore, a neo-Lamarckian theory of evolution, in which environment
directly alters phenotype, generationally, supports observations that acute experiences
within a family can be inherited across generations to alter the behavior of offspring
(Skinner, 2015). For example, the driving hypothesis behind the Dutch Hunger famine’s
contribution to physiological abnormalities in offspring and, more recently, changes in
stress response in offspring of Holocaust survivors (Veenendaal et al., 2013; Yehuda et
al., 2014), is that offspring inherited parental experiences of trauma. Parents with
adolescent or prenatal exposure to the Dutch Hunger famine produced offspring with
increased mortality rates and diabetic death, and increased weights and body mass index,
2

respectively (Pembrey et al., 2006; Pembrey, 2010; Veenendaal et al., 2013). In addition,
offspring of parents who were survivors of the Holocaust that reported suffering from
post traumatic stress disorder (PTSD) during their lifetime showed a blunted cortisol
response to stress challenges in the absence of any personal psychiatric condition
(Yehuda et al., 2014). The inheritance of such historical events, suggests phenotypic
response to the environment is subject to nongenetic transmission in humans as early as
the next generation of offspring. In addition, epigenetic changes to the genome are
thought to mediate neo-Lamarkian familial inheritance. Researchers have made strides in
replicating environmental exposures that impact human behavior in the laboratory to
study this phenomenon. Alterations in offspring behavior, physiology, and epigenetics
have been characterized in animals following parental exposure to changes in diet
(Carone et al., 2010; Ng et al., 2010), drugs of abuse (Byrnes, 2005; Vassoler et al.,
2013a, 2013b; Kim et al., 2014; Zhu et al., 2014), environmental toxins (Anway et al.,
2005; Manikkam et al., 2013), stress (Gapp et al., 2014a), and aging (Milekic et al.,
2015).

II. Mechanisms of familial inheritance
Epigenetics
In an attempt to rectify the vast differences in use of the term epigenetics, Adrian
Bird proposed a definition that encompasses both the chemical mechanisms as well as the
necessity for inheritance: epigenetics is "the structural adaptation of chromosomal
regions so as to register, signal or perpetuate altered activity states" (Bird, 2007).
3

Therefore, these chromosomal modifications can be sudden or accumulate over time in
response to exposure to a stimulus and are, nevertheless, inherited in the absence of the
signal or event that initiated the change (Bird, 2007). In addition, chemical alterations to
the genome, also referred to as the epigenome when including the DNA packaging, can
ultimately change the functional expression of genes (Bird, 2002). Epigenetic inheritance
occurs by persistence of the modifications through several generations of cell division or
offspring (Bird, 2007). Cellular epigenetic modifications that have been identified in the
individual animal in response to the environment include chromatin remodeling and
DNA methylation (Skinner, 2011; Daxinger and Whitelaw, 2012), as well as the
expression of small non-coding RNAs (sncRNAs) including micro RNAs (miRNAs)
(Stuwe et al., 2014). In addition, these epigenetic mechanisms have been implicated in
inheritance (Weaver et al., 2004; Maze et al., 2010; Vassoler et al., 2013b; Rodgers and
Bale, 2015).

Chromatin remodeling
In the nucleus, chromatin is organized into nucleosomes containing 147 base pairs
of DNA wrapped around a histone protein complex. The histone is an octamer protein
complex composed of 4 histone proteins (H2A, H2B, H3, and H4) (Kornberg and Lorch,
1999). The proteins contain contain an amino (N) terminal tail that can undergo
modifications; these modifications condense or relax the state of DNA wrapped around
the histone. Sixteen types of post translational histone modifications have been identified,
including acetylation, methylation, phosphorylation, ubiquitylation, and SUMOylation
4

(Tweedie-Cullen et al., 2009). Acetylation of lysine residues on the histone tail relaxes
chromatin which gives transcription factors access to the promoter regions of a gene and
promotes gene expression (Allfrey, 1966). For example acetylation of lysine 14 of
histone 3 (aceH3K14) is correlated with increased transcription of nearby genes
(Sadakierska-Chudy and Filip, 2015). Methylation of lysine and arginine residues on the
histone tail can cause gene activation or repression depending on the residue undergoing
modification. Histone 3 lysine 4 trimethylation (H3K4me3) causes the activation of gene
transcription while histone 3 lysine 9 dimethylation (H3K9me2) association with a gene
is correlated to repression of that gene (Kouzarides, 2002) . In addition to altering
chromatin state, multiple histone modifications can be present to form a histone code that
is read by other proteins to promote distinct downstream signaling events leading toward
gene expression or repression in the cell (Strahl and Allis, 2000).

DNA methylation
DNA methylation governs cellular function and differentiation through regulation
of gene transcription by acting directly on the genome (Razin and Riggs, 1980). DNA
methyltransferases (DNMTs) catalyze the addition of a methyl group onto a cytosine
nucleotide that is usually positioned next to a guanine nucleotide on the DNA phosphate
backbone (Cytosine-phosphate-Guanine; CpG). Methyl groups are donated by Sadenosyl methionine (SAM); therefore, the addition of a methyl onto the cytosine
converts the cytosine to 5-methylcytosine. Gene regulation via DNA methylation is
achieved through CpGs in the regulatory regions (promoters, enhancers, insulators) of
5

genes. Methylation can directly interfere with transcription factor binding to DNA
recognition elements (Comb and Goodman, 1990) or recruit methylated DNA binding
factors that promote interaction with chromatin modifying complexes to repress gene
expression (Lewis et al., 1992; Jones et al., 1998). In the past, research has suggested that
the presence of methyl groups suppresses gene expression. However, this is not always
the case. Instead, a differential methylated state of a gene is accompanied by changes in
gene expression, although not always in a predictable direction (Franklin et al., 2010). In
addition, non-CpG methylation (cytosine methylation not positioned directly next to a
guanine) occurs within the genome and can be altered in response to the environment
(Petropoulos et al., 2014).

sncRNAs
Small non-coding RNAs are short RNA sequences including miRNAS, small
interfering RNAs (siRNAs), Piwi-interacting RNAs (piRNAs), and small nucleolar
RNAs (snoRNAs) that regulate transcription and translation (Ghildiyal and Zamore,
2009). miRNAs comprise an abundant class of regulatory molecules that can modulate a
regulatory code for gene expression (Bartel, 2004) as well as transmit phenotypes to the
next generation (Rassoulzadegan et al., 2006). miRNAs bind to recognition sites in the 3’
untranslated region of target mRNAs and promote gene repression through
destabilization and degradation of the mRNA (Guo et al., 2010). In addition, miRNAs
can repress translation of proteins without degradation of target mRNA (Bazzini et al.,
2012). Noncoding RNAs direct epigenetic states in somatic and germ cells through
6

cooperation with other epigenetic modifications, including histone modifications (Stuwe
et al., 2014) and CpG methylation (Mohammad et al., 2012), to promote long-lasting
cellular and heritable effects.

III. Epigenetics across generations
Multi- and transgenerational inheritance across generations
Epigenetic transgenerational inheritance is defined as "germline-mediated
inheritance of epigenetic information between generations in the absence of direct
environmental influences that leads to phenotypic variation" (Skinner, 2011). In contrast,
multigenerational phenotypes are those derived from direct exposure. Thus, if exposure
occurs in F0 males or females prior to pregnancy, the germ cells, which go on to produce
the F1 generation, are also "exposed". Therefore, phenotypes found in F0 and F1 animals
are multigenerational and only those present in F2 animals are considered
transgenerational, as the F2 animals are the first generation whose cells have not been
exposed to the environmental challenge (Figure 1.1, top).
In contrast, if F0 mothers are exposed to an environmental challenge during
pregnancy, the somatic and germ cells of the F1 offspring receive direct exposure in
utero (Figure 1.1, bottom). Since the germ cells of the F1 offspring are exposed to the
environment and the F2 offspring originate from the exposed germ cells, the F0 parents,
F1 and F2 offspring are all exposed to the parental environment (Skinner, 2008). In this
case, F0, F1, and F2 phenotypes are multigenerational and only phenotypes observed in
the F3 generation and beyond are transgenerational (Figure 1.1) .
7

Gamete development and reprogramming
Germline reprogramming events may directly facilitate epigenetic inheritance
across generations. Genome wide DNA methylation reprogramming occurs at two time
points in early embryonic development, and both reprogramming events are well
understood in mice. First, genome-wide DNA demethylation occurs post-fertilization in
the zygote, erasing gamete epigenome methylation in order to promote cellular
totipotency in the developing embryo. However, at this time genomic imprints
(methylation on imprinted genes such as H19 and Igf2) remain intact. Later, a second
major reprogramming event occurs in the germline where paternal and maternal somatic
programming is erased from most genes, including imprinted genes. Parent-specific
imprints are subsequently imposed in the germline, and DNA methylation occurs across
the genome through the action of DNA methyltransferases (for a complete review see
Daxinger and Whitelaw, 2012). During these periods of reprogramming, exposure to a
challenge that increases or decreases the activity of the epigenomic machinery may lead
to alterations in DNA methylation. Embryonic reprogramming suggests that epigenetic
modifications to the DNA made in response to drug exposure may be lost. However,
there is evidence that some methylation marks escape complete erasure. The best known
example is that of imprinted genes, whose methylation marks are retained in the
developing embryo (Bartolomei, 2009). In addition there is growing evidence that nonimprinted genes and repetitive genomic elements escape complete loss of methylation
patterning following reprogramming events (Lane et al., 2003; Orozco et al., 2014). In
mice, non imprinted genes have been shown to inherit DNA methylation from gametes
8

and escape reprogramming during preimplantation (Borgel et al., 2010). The retention of
genomic methylation patterns in sperm of exposed parents and brains of offspring may
occur following generational stress (Franklin et al., 2010) or drug-exposure (Govorko et
al., 2012).
Histone acetylation and methylation, although not as well described as DNA
methylation, may also be subject to epigenetic mechanisms of modulation by drug
exposure. While the vast majority of histones are replaced by protamines during
spermatogenesis, not all histones are lost, and sperm DNA retention within histones has
been discovered in both humans and mice (Gatewood et al., 1987; Bench et al., 1996;
Hammoud et al., 2009). Furthermore, DNA methylation retention in sperm may be due to
the association of DNA with histones. There is an enrichment of histone bound sperm
DNA at loci of imprinted genes and developmentally important genes that retain
methylation marks in the embryo (Wykes and Krawetz, 2003; Hammoud et al., 2009). In
addition, histone variants as well as the presence of histone methyltransferases have been
identified in mature oocytes, and differential acetylation and methylation have been
implicated in oocyte development (Wang et al., 2014). In addition, histone marks in the
oocyte can be transmitted across generations (Gaydos et al., 2014). Therefore the
genomic content in sperm and oocytes, along with chemical modifications, are potential
carriers of epigenetic information.
The miRNA environment of sperm can be altered in adulthood (Li et al., 2012)
and is capable of mediating changes in behavior and physiology in offspring (Gapp et al.,
2014a). Interestingly, while it is unknown if the germline is receptive to certain
9

environmental exposures such as stress and drugs of abuse, miRNA expression is
considered a mechanism by which somatic cells and the germline are capable of
communicating. Specifically, RNA containing vesicles released from somatic cells may
serve as the conduit for parental influence on offspring development. Mice xenografted
with human cells expressing green fluorescent protein (GFP) express GFP in sperm heads
suggesting that RNA expressed by somatic cells can be transferred to sperm (Cossetti et
al., 2014). In addition, the oocyte is composed of its own distinct milieu of RNA content,
shown to undergo dynamic changes in composition during oogenesis, that is vital for
early embryonic development (Tang et al., 2007).

IV. Inheritance of environmental exposures
IVa. Stress
Stress is the physiological reaction to the perception of an aversive or threatening
situation or stressor (Cannon, 1940). Stress, when experienced acutely, can promote
survival and genetic longevity (Joëls et al., 2006). However, when experienced for an
extended period of time, stress can be detrimental. Chronic stress promotes long-term
debilitation of psychiatric condition and physiological fitness (McEwen and Stellar,
1993; McEwen, 1998; McEwen and Wingfield, 2003). In addition, parental stress
exposure, both paternal and maternal, is inherited by offspring.

10

Paternal stress exposure is inherited by future generations
Changes in behavior, physiology, and epigenetic programming have been found
in offspring of paternal stress exposure. Male mice exposed to prenatal, adolescent, or
adult chronic stress produce male and female F1 offspring with increased anxiety- and
depression-like behaviors (Franklin et al., 2010; Dietz et al., 2011; Morgan and Bale,
2011; Gapp et al., 2014a). Stress may influence offspring behavior in a sex-dependent
manner. Chronic social defeat in male adult mice produces male offspring with a greater
number of aberrant depression- and anxiety- like behaviors than female offspring,
although both sexes are affected by the stress lineage (Dietz et al., 2011). In other studies,
F1 male offspring of fathers exposed to prenatal stress are anatomically and genetically
dysmasculinized as reflected by altered sex-organ morphology and “feminized” gene
expression (Morgan and Bale, 2011). While male specific physiological and
neurochemical sensitivities have been found in response to paternal stress, the same have
not been found in females. Transgenerational changes in anxiety- and depression-like
behaviors are transmitted to F2 and F3 offspring, also in a sex-dependent manner.
Paternal F0 stress from post-natal day 1 through 14 (PND1-14) produces increased
anxiety- and depression-like phenotypes in male and female F2 and F3 offspring but are
more pervasive in females (Franklin et al., 2010). Therefore, paternal stress produces
multi- and transgenerational inheritance in a sex dependent manner.
Paternal stress produces physiological changes in offspring that may impact
response to stressors within the offspring’s lifetime. While F1 male offspring of adult
paternal stress have increased basal corticosterone (Dietz et al., 2011; Niknazar et al.,
11

2013), male and female F1 offspring of male mice exposed to 42 day chronic variable
stress have blunted circulating corticosterone in response to restraint stress, as compared
to offspring from fathers not exposed to a stressor (Rodgers et al., 2013). Maladaptive
physiological stress response, along with increased anxiety and depression-like behavior,
may predispose the offspring of fathers exposed to stress to altered responses and
sensitivity to environmental challenges and experiences. The inheritance of paternal
stress may therefore predispose individuals to a greater risk for neuropsychiatric
disorders, as basal anxiety and depression levels influence mental disorder and
psychiatric illness (Gold, 2015).
Although the impact of paternal stress on behavior and physiological stress
response have been thoroughly examined, especially with respect to the exposure window
for stress in the father’s lifetime, the neurochemical and neuroanatomical effects of
paternal stress that mediate behavior have not been as well-explored. Rather, several
studies have identified epigenetic modifications that accompany changes in physiology
and behavior in offspring. Female offspring of male mice exposed to maternal separation
have increased promoter methylation and decreased transcription of genes involved in
learning, memory, and stress signaling in the cortex: methyl CpG binding protein 2
(MeCP2), cannabinoid receptor 1 (Cb1) and corticotropin releasing factor receptor 2
(CrfR2) (Franklin et al., 2010). These same epigenetic modifications are found in the
sperm of fathers exposed to stress (Franklin et al., 2010), suggesting a mechanism by
which the exposure is inherited. Observations of epigenetic modifications linked to
generational stress exposure have been extended to human subjects. Offspring of fathers
12

who reported experiences of PTSD following the Holocaust had increased methylation of
the glucocorticoid receptor (Nr3c1) in blood samples and suppressed cortisol response to
a stress challenge (Yehuda et al., 2014). Animal research has also implicated
glucocorticoid receptor (Gr) signaling in paternal stress inheritance. Male mice exposed
to synthetic glucocorticoids for five days show global non-CpG methylation 60 days later
in mature spermatocytes and produce male F1 offspring with the same methylation
changes in the kidney, as well as altered melanocortin receptor (MR) and GR expression
in the hippocampus (Petropoulos et al., 2014). Therefore, stressful adult experiences that
evoke increases in endogenous glucocorticoids may produce similar effects on germline
methylation and offspring methylation profiles (Petropoulos et al., 2014; Yehuda et al.,
2014).
Finally, the miRNA environment of sperm following stress exposure has been
implicated in paternal stress inheritance. Sperm of male mice exposed to chronic stress
have altered expression of miRNAs that target genes known to modulate chromatin
remodeling in the developing embryo (Rodgers et al., 2013). By taking the sncRNAs
purified from sperm of mice exposed to stress and injecting it into fertilized oocytes, F1
offspring are produced that show depressive-like phenotypes and resemble mice
produced from male mice exposed to stress and mated with females (Gapp et al., 2014a).
The male germline, therefore, is a capable vehicle for influence by stress and
transmission of the molecular memory. Indeed, the male germline is responsive to
peripheral stress signaling. GR expression, one of two receptors targeted by
corticosterone/cortisol, has been characterized in mouse, rat, and human primary
13

spermatocytes as well as epididymal sperm (Kaufmann et al., 1992; Haeussler and Claus,
2007; Silva et al., 2011).

Maternal stress exposure impacts offspring behavior through non-genetic mechanisms
- review of the role of maternal environment and epigenetics
Maternal stress, although well-studied, adds the additional variable of maternal
environment in stress inheritance. In the case of the nuclear family, gene and
environment interactions confound inheritance models (Weaver et al., 2004). For
example, it cannot be overlooked that a child of a depressed mother inherits the genetic
vulnerability as well as the depressed parent (Field, 1998). In animal studies of stress
exposure and inheritance following conception, stressed males can be removed from
interaction with offspring, while with maternal stress paradigms, maternal environment
must be controlled for either using cross-fostering or in vitro fertilization (IVF) (Francis
et al., 1999; Dietz et al., 2011). Early studies observing maternal stress identified the
power of nongenetic factors, specifically maternal rearing environment, in shaping
offspring development and behavior. Mating pairs of rodents in which both parents
underwent an enrichment period during early adolescence produced offspring that were
less fearful than offspring of control parents that were not immersed in an enrichment
protocol (Denenberg, 1964). Therefore, the benefits of an enriched adolescent
environment influenced the next generation of offspring without the means of Mendelian
genetic mutation, but rather through a nongenetic factor. This factor was identified as the

14

post-natal maternal environment provided by the females that were enriched during
adolescence (Cutuli et al., 2015).
Additional studies identified the post-natal maternal environment as a nongenetic
factor that influences offspring behavior. Female rats exposed to mild preconception
stress produce male offspring with increased fear behavior and altered startle response to
an acoustic tone (Zaidan et al., 2013). While at first this seems to be evidence of
epigenetic inheritance of maternal stress exposure, experimenters must tread cautiously.
Francis and colleagues found that offspring anxiety and fear behavior correlated with the
mother’s rearing behavior and not the phenotype of the biological mother. For example,
mice born to a fearful mother but reared by a “good mother” showed no alterations in fear
or anxiety behavior while the reverse exposure produced fearful and anxious offspring
(Francis et al., 1999). Additional work has shown that maternal stress is a pervasive
environmental exposure that is heritable and produces behavioral changes in several
generations of offspring. Female mice and rats exposed to maternal separation and
chronic stress produce F1 offspring with altered anxiety and social behavior (Weiss et al.,
2011; Babb et al., 2014). In mice, this finding has been extended to the F2 generation of
offspring that also show changes in anxiety and exploration behavior (Weiss et al., 2011).
However, it should be noted that in the case of maternal inheritance paradigms, without
cross-fostering or IVF control experiments, it is not clear if this effect is dependent on the
post-natal rearing environment with the mother, maternal epigenetics, or both.
Physiological changes in response to maternal stress have also been found in
offspring. In a clinical population, children whose mothers experienced the Holocaust
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during childhood showed reduced cortisol levels in blood samples (Bierer et al., 2014).
Male and female offspring of female rats exposed to repeated forced swim for 21 days,
however, have increased levels of basal circulating corticosterone (Niknazar et al., 2013).
Therefore, in both human and animal populations, there is a dysregulated stress response
in the offspring of mothers exposed to stress.
Observation of the neurochemical correlates of stress signaling has garnered much
attention in maternal stress research. Oocytes of female rats exposed to preconception
stress have increased corticotropin-releasing factor receptor 1 (CrfR1) mRNA and
produce male offspring with increased CrfR1 expression in brain tissues (Zaidan et al.,
2013). Furthermore, CrfR1 expression in the cortex and amygdala of the offspring was
correlated with aberrant response to acoustic startle tones (Zaidan et al., 2013).
Interestingly, even morphological changes have been found in the offspring of maternal
stress exposure, suggesting evidence of neurobiological correlates to changes in behavior.
Maternal stress exposure two weeks prior to conception changes the neuronal
morphology of the medial prefrontal cortex in offspring (Bock et al., 2016).
Finally, research suggests the existence of epigenetic marks in the genome that
may mediate transmission of maternal stress and the corresponding changes in behavior,
gene expression, and neuroanatomy. Decreased expression of brain derived neurotrophic
factor (Bdnf), a gene implicated in learning behaviors and neuropsychiatric disease, was
found in the prefrontal cortex of male and female offspring of female rats that
experienced a maltreatment regimen in their first week of life and were also poor mothers
(Roth et al., 2009). This decreased expression was correlated with increased methylation
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of Bdnf (Roth et al., 2009). In addition, germline exposure to physiological effects of
stress may also mediate the inheritance of maternal stress exposure. CrfR1 mRNA is
expressed in mature oocytes and is altered by exposure to stress in rodents (Nappi and
Rivest, 1995; Zaidan et al., 2013). In addition, urocortin (UCN), a peptide in the CRF
family that binds with high-affinity to CRF receptors, is expressed in the ovaries and has
been implicated in steroid signaling (Muramatsu et al., 2001; Celik et al., 2013).

IVb. Nicotine
Nicotine is the active ingredient in tobacco and is responsible for the positive
experience associated with tobacco use. Nicotine binds to nicotinic acetylcholine
receptors (nAChRs), which are pentameric ligand-gated ion channels (Benowitz, 1999).
While no studies have investigated the influence of parental nicotine exposure on
offspring nicotine response, there is evidence that nicotine exposure can cause
multigenerational changes in cognition and dopamine signaling in offspring. Zhu and
colleagues found that F1 male and female offspring of F0 mothers exposed to nicotine
during pregnancy are hyperactive with decreased attention. In addition, this phenotype is
transmitted to F2 and F3 offspring through the maternal line (Zhu et al., 2014).
Hyperactivity in F2 offspring is attenuated by methylphenidate-induced dopamine
increase (Zhu et al., 2014), thereby implicating a hypodopaminergic state as the
mechanism by which nicotine alters offspring response. Thus, F0 maternal exposure to
nicotine during pregnancy produces transgenerational changes in behavior and
multigenerational changes in dopamine signaling (Zhu et al., 2014). Studies have
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examined additional neurochemical changes following exposure to nicotine. However,
these are only found in offspring of F0 mothers exposed to nicotine during pregnancy
(Zhu et al., 2012; Yochum et al., 2014). To date, no neurochemical changes have been
identified in animals not directly exposed to nicotine.
The epigenome is vulnerable to modification by nicotine exposure. Global DNA
methylation patterns in leukocytes are similar between non-smoking offspring and nonsmoking fathers, while there are differences in methylation between children that smoke
and fathers that do not (Hillemacher et al., 2008). In addition, nicotine-induced variation
in DNA methylation has been identified in several genes implicated in drug abuse. For
example, nicotine exposure is associated with DNA methylation changes in the gene
coding for monoamine oxidase A (Maoa), a key enzyme in the metabolism of dopamine
and other monoamines. Decreased methylation of the Maoa promoter is found in the
blood and lymphoblasts of current smokers (Philibert et al., 2010). This modification may
be mechanistically important, as it has been proposed by Zhu and colleagues that nicotine
induced hypomethylation of MAOA decreases dopamine synthesis in animals exposed to
nicotine in utero (Philibert et al., 2010; Zhu et al., 2012) . Chronic nicotine administration
produces an increase in expression of DNMT1, resulting in methylation of glutamate
decarboxylase (Gad67), and reduced Gad67 mRNA expression (Satta et al., 2008).
Consequently, changes in Gad67 mRNA can influence cortical GABAergic signaling. In
addition, evidence that methylation and expression of Gad67, a gene implicated in the
phenotype of patients with schizophrenia, is modulated by chronic nicotine
administration suggests that the co-morbidity that exists between the disorder and
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smoking addiction may have an epigenetic basis. Interestingly, DNA methylation has
been associated with multigenerational exposure to nicotine. F0 mothers exposed to
nicotine during pregnancy produce F1 offspring with increased methylation at Bdnf in
blood (Toledo Rodriguez et al., 2010) and decreased Bdnf mRNA and protein in the
frontal cortex (Yochum et al., 2014) . Decreases in expression and activity of BDNF have
been implicated in the self-administration of drugs including cocaine (Sadri-Vakili et al.,
2010), as well as methylphenidate (Cadet et al., 2014) and alcohol (Jeanblanc et al.,
2012).
In addition to changes in DNA methylation, nicotine can remodel chromatin
through histone modifications. Following nicotine administration in mice there is an
increase in the acetylation of histone H3 in the striatum (Levine et al., 2011) and a
decrease in H3K9me2 at promoter regions of target genes (Chase and Sharma, 2013) .
Taken together, these studies suggest that nicotine reduces epigenetic histone marks that
promote a restrictive genomic state, thereby opening normally repressed genes to
enhanced transcription.
Nicotine-mediated increases in the production of cholesterol, triglycerides,
phospholipids and free fatty acids in the testes can be blocked by administration of the
nAChR antagonist mecamylamine, suggesting binding sites for both drugs in the testes
(Kavitharaj and Vijayammal, 1998). Indeed, the mRNA of subunits that compose the
pentameric nAChR (i.e. α7, α9, α3, α5, and β4) are expressed in sperm (Kumar and
Meizel, 2005). Furthermore, functional nAChRs have been found in sperm (Kumar and
Meizel, 2005). Acetylcholine mediated spikes in calcium through α7 homomeric
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receptors occurs in the sperm head during the acrosomal reaction (Bray et al., 2005).
Finally, nicotine, likely acting on nAChRs, has detrimental effects on sperm viability.
The male germline is also subject to epigenetic and transcriptional modification by
nicotine exposure. In individuals who are smokers, spermatozoan miRNA is differentially
expressed (Marczylo et al., 2012), there are abnormalities in histone-to-protamine
transition in mature sperm (Yu et al., 2014), and there is significant DNA and RNA
damage as compared to non-smokers (Selit et al., 2013). Therefore, the miRNA milieu,
chromatin environment, and integrity of both DNA and RNA of the male germline is
subject to influence by nicotine.
Maternal smoking has been linked to infertility in male offspring through gonadal
toxicity (Ratcliffe et al., 1992). While it is well-established that nicotine exposure
produces reproductive challenges in females and in the early developing embryo
(Omotoso et al., 2013), nicotine binding has not been identified in oocytes. Therefore,
inheritance through the maternal line may be through indirect effects of nicotine
exposure.

V. Overview of Dissertation
The motivation of this dissertation was two-fold - first to characterize the multiand transgenerational effects of chronic adolescent stress on offspring and to determine
the multi-and transgenerational interaction of stress and nicotine exposure. In this effort
in Chapter 2, I used an adolescent chronic stress exposure paradigm in mice to determine
the impact of stress on long-term alterations in behavior. Of importance, this chronic
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stress exposure was timed to coincide with critical windows of gamete development,
specifically, when epigenetic reprogramming might occur. Therefore, in Chapter 3, I was
able to investigate the multi- and trans-generational effects of adolescent stress exposure
on offspring anxiety, depression, stress, and nicotine response. RNA-Sequencing analysis
was used to identify changes in gene expression in the brains of F1 offspring of stress
exposure. In an effort to understand the interaction of nicotine and stress exposure across
generations, in Chapter 4, F0 animals were exposed to nicotine and F1 animals were
exposed to stress. The effects of these exposures on behavior across several generations
were characterized, identifying both nicotine specific as well as nicotine and stress
interactions that influence offspring behavior. This dissertation concludes with Chapter 5
in a discussion of the implications of this work and future directions.
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Figure 1.1 Paternal or maternal exposure paradigms are used as a model for inheritance in rodents.
F0 males or females exposed to drug prior to mating produce F1 offspring with multigenerational
phenotypes and F2 offspring with transgenerational phenotypes (top). F0 females exposed to drug during
pregnancy produce F1 and F2 offspring with multigenerational phenotypes and F3 offspring with
transgenerational phenotypes (bottom). Figure is as originally published in Progress in Biophysics and
Molecular Biology, 2015 Jul, Vol. 118(1-2):21-33, PMID: 25839742.
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Abstract
Adolescence is a time period in development when the brain undergoes substantial
remodeling in response to the environment. To determine if a stressful experience during
adolescence affects adult behavior, we exposed adolescent male and female C57BL/6J
mice to chronic unpredictable stress (CUS) for 12 days starting at post-natal day 28
(PND28). We also exposed adult male and female mice to CUS for 12 days beginning at
PND70 to determine if adolescence is a critical time period when stress can have longlasting effects on behavior. Regardless of when mice were exposed to stress, they were
all tested exactly 30 days later in the marble burying task, elevated zero maze, acoustic
startle response, and forced swim test. Adolescent stress exposure increased anxiety-like
behaviors in adult male and female mice and decreased acoustic startle response in a sexdependent manner. However, adult stress exposure did not change anxiety or response to
an acoustic tone in adult male or female mice as compared to non-stressed animals. Of
interest, increased depression-like behavior in the forced swim test was observed in all
mice, regardless of when the stress occurred. Gene expression analysis in the amygdala
showed significant upregulation of corticotropin releasing factor receptor 2 (CrfR2) in
males subjected to CUS during adolescence, but not in males that experienced CUS
during adulthood. However, females were not affected. This data supports clinical data
suggesting that early life stress may predispose individuals to increased anxiety and
depression later in life.
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Introduction
Adolescence is a dynamic time period for growth and development. For example,
the developing nervous system undergoes heightened remodeling in response to the
environment (Spear, 2000). During this time marked synapse overproduction and pruning
(Teicher et al., 1995), as well as transient changes in neurotransmitter and receptor
production, facilitate neuronal maturation (Daval et al., 1987; Whitaker-Azmitia, 1991).
However, extreme early life adversity may interrupt some of these processes,
predisposing an individual to neuropsyhicatric disorders and maladaptative behavior later
in life (Andersen and Teicher, 2004). The onset of anxiety, depression, and post traumatic
stress disorders have been correlated with exposure to stressors during adolescence
(Pelcovitz et al., 1994; Felitti et al., 1998; Turner and Lloyd, 2004). Furthermore,
exposure to uncontrollable adverse events throughout childhood is linked to future
psychiatric disorders and, interestingly, adolescent stressors are additive in predicting
development and persistence of psychiatric events later in life (Kessler et al., 1997; Heim
et al., 2004). Therefore, clinical data suggests that early life stress that is chronic and
uncontrollable constitutes a major risk factor for the development of mental disorders
(Heim and Nemeroff, 2001).
Developmental evidence suggests that adolescence is critical window for the
effects of stress exposure. The amygdala undergoes significant remodeling through
synapse overproduction and pruning during adolescence and is particularly sensitive to
early-life stress exposure (Andersen and Teicher, 2004). Maladaptation of stress
signaling, specifically altered expression of corticotropin releasing factor (Crf) has been
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found in the amygdala of rodents exposed to chronic adolescent stress (Plotsky et al.,
2005) and CRF signaling in the limbic system mediates control of anxiety (Wiersma et
al., 1995), stress (Bale et al., 2002), and startle response (Dirks et al., 2002).
Animal studies modeling the effects of adolescent stress on behavior later in life suggest
that exposure to early-life adversity facilitates differential responses to stressful situations
during adulthood, such as enhanced anxiety and stress sensitivity. Chronic exposure to
physical, social, or a combination of physical and social stressors during the juvenile and
peripubertal phases of development yields altered cognition, anxiety, and depression in
adulthood in mice (Schmidt et al., 2010; Weiss et al., 2011; Saavedra-Rodríguez and
Feig, 2013) and rats (Maslova et al., 2002; Tsoory et al., 2007; McCormick et al., 2008;
Eiland et al., 2012). While these studies provide evidence of the long-lasting impact of
adolescent stress, few studies have conducted a direct examination of the effects of stress
on behavior and neurobiology when experienced by the adolescent versus the adult brain.
We determined the long-term effects of chronic stress on anxiety, startle response,
and depression behavior in animals using a chronic unpredictable stress (CUS) paradigm.
This paradigm is composed of both physical and social stressors that last 12 days and
produces anhedonia and depression phenotypes in mice (Schmidt and Duman, 2010). The
use of CUS in rodents mirrors uncontrolled stress experienced by individuals (Hollis et
al., 2013) and also prevents animal habituation to stress exposure, thus avoiding
attenuated responses (Girotti et al., 2006). As animals were exposed to the same CUS
during different developmental time windows, adolescence prior to puberty (post-natal
day 28-40) or adulthood (PND70-82), and tested during adulthood (30 days following the
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last day of the stressor), we were able to identify adolescence as a critical window for
CUS to have long-term effects on both behavior and differential gene expression.

Materials and Methods
Animals
Male and Female C57BL/6JTac mice (6-8 weeks of age, 20-30 g) were ordered
from Taconic Farms (Hudson, NY), group housed, maintained on a 12 hour light/dark
cycle with food and water ad libitum in accordance with the University of Pennsylvania
Animal Care and Use Committee (Philadelphia, PA, USA), and bred for two generations
to generate offspring used in the current study. Breeding within the facility decreased the
impact of transportation stress on the mice and allowed us to isolate the effects of the
exposure of CUS in adolescents and adults. All experimental testing sessions were
conducted between 8:00 a.m. and 5:00 p.m., with animals randomly assigned to treatment
conditions and tested in counterbalanced order. The same mice were used for all
behavioral and molecular studies.

Chronic Unpredictable Stress (CUS)
Male and female mice underwent chronic unpredictable stress (CUS) for 12 days
starting at PND28 or PND70 (4 weeks or 10 weeks of age). The CUS paradigm was
adapted from previous studies that produced anhedonia as measured by the sucrose
preference test (SPT) immediately following exposure (Schmidt & Duman 2010). The
exact stressors, duration of stressor, and sequence of exposures can be found in Table 2.1.
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Briefly, animals were exposed to three stressors each day, in the morning, afternoon, and
overnight, for 12 consecutive days in dedicated procedure rooms. Mice were returned to
the animal colony between stressors and after the final stressor.

Sucrose Preference Test (SPT)
Sucrose consumption was evaluated on the last two days of the CUS exposure to
determine the consequence of CUS on sucrose or water preference in the animals. Mice
were habituated to a 1% sucrose solution for 48 hours starting on day 6 of CUS exposure
to prevent neophobia during testing. Following sucrose exposure, increasing water
restriction was used to habituate animals to water restriction: water was restricted for 4
hours on day 8, 14 hours on day 9, and 19 hours on day 10. On day 11, mice were
allowed access to sucrose solution in a cage filled with home cage bedding for 1 hour
without the presence of cage mates. Testing was repeated on day 12 of CUS exposure
except that mice were given access to water instead of the sucrose solution. Sucrose
preference was reported as the difference between total sucrose consumption divided by
total liquid consumption (mL) on both test days.

Behavioral tests
Behavioral testing was conducted 4 to 6 weeks following the last day of CUS
exposure: PND70-82 (10-12 weeks of age) for the adolescent stress exposure group or
PND112-126 (16-18 weeks of age) for the adult stress exposure group (Spear, 2000). For
a more complete explanation of stress exposure in relation to behavioral testing, refer to
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Figure 2.1. Behavior was assayed in the following sequential order in every animal: 1)
marble burying task, 2) elevated zero maze, 3) acoustic startle response, and 4) forced
swim test, with a period of rest of at least two days between each test. Previous studies
demonstrate that order of testing affects behavioral measurements. Therefore, all animals
were tested in the same order, and forced swim test was the final behavioral assay to be
administered (Wahlsten, 2010). Immediately following the forced swim test, animals
were sacrificed and whole brains were rapidly removed and flash frozen in isopentane (80°C).

Marble Burying (MB)
Differences in anxiety between treatment groups were evaluated using the marble
burying (MB) test (Jimenez-Gomez et al., 2011). After a 1-hour period of acclimation,
mice were placed individually in a test cage that resembled their home cage (26x20x14
cm). Twenty marbles were distributed evenly in the cages in 5 rows of 4 on top of mouse
bedding (5 cm in depth), and a clear lid was placed on top of the cage. Animals were left
undisturbed for 15 minutes, after which the number of marbles buried, distinguished by
being three-fourths or more submerged under bedding, was quantified by a trained
observer blind to experimental groups.
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Elevated Zero Maze (EZM)
The elevated zero maze (EZM) was used as a second test of changes in anxiety
during adulthood. Following a 1-hour period of acclimation to the testing room, mice
were placed in the maze consisting of two open arms and two closed arms elevated 24
inches (61 cm) off the ground and left undisturbed for five minutes. Mice were video
recorded for the duration of testing, and the time spent in the open arms of the maze was
measured by a trained observer blind to experimental groups.

Acoustic Startle Response (ASR)
The reflexive response to an unexpected tone was assessed using the acoustic
startle response (ASR) (Davis, 1980). After a 1-hour period of acclimation to the testing
room, animals were placed in acoustic startle chambers (SR-Labs, San Diego, CA, USA)
for behavioral testing. The chamber consisted of a light- and sound-attenuating outer
plastic box and an inner non-restrictive plastic cylinder chamber affixed to a stage
platform. Broadband acoustic startle tones were emitted from a high frequency speaker
mounted above the mouse chamber, and startle reflexes were measured by a piezo
electronics monitor mounted under the stage platform. Each testing session lasted 30
minutes. Animals were habituated to the inside of the startle chamber with a 67 decibel
sound pressure level (dB SPL) background white-noise for five minutes. After the
habituation period, animals were presented with 10 rounds of 5 pseudo random startle
tones (50 total trials) differing in dB SPL (75, 80, 85, 90, 95, 100 105, 100, 115, and
120dB SPL). Pseuedo random inter-stimulus intervals (ISIs) were generated by the
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Startle Response software (SR-Labs; San Diego, CA). ISIs consisted of 26, 28, 30, 32,
and 34 seconds. Immediately after each startle tone presentation, the startle amplitude
was measured as the average voltage emitted by the piezo electric pickup per each
millisecond for the 100 ms response window.

Forced Swim Test (FST)
Behavioral immobility differences between treatment groups were evaluated
using the forced swim test (FST). Mice were placed into plexiglas cylinders filled with
water (25°C; 30-38 cm high) for 6 minutes, and behavior was video recorded. The time
spent immobile during the swim session was recorded by an observer blinded to
treatment groups. A mouse was considered immobile when making only those
movements necessary to keep its head above water.

RNA extraction, cDNA synthesis, and quantitative real-time polymerase chain reaction
Coronal brain sections (300 um) between Bregma -0.58 and -1.70 (Franklin and
Paxinos, 1997) were used to collect 1.2 mm punches of the amygdala bilaterally. RNA
was extracted by homogenizing in 800 µl of TRIzol and 160 µl of chloroform. RNA was
purified using an RNeasy Mini Kit (Qiagen, Cat. No. 74104). RNA concentration and
integrity were determined with a Nanodrop spectrophotometer (Nanodrop Technologies,
Wilmington, DE). cDNA was synthesized from RNA (100ng) using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative real-time
polymerase chain reaction (qRT-PCR) was carried out using the SYBR-green master mix
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(Applied Biosystems) and 10 uM primers (final concentration) for corticotropin relating
factor (Crf) and corticotropin releasing factor receptors 1 and 2 (CrfR1, CrfR2) on
theStratagen MX3000using MXPro QPCR software. Primer sequences for Crf, CrfR1,
CrfR2 and the housekeepers Tbp and Hprt can be found in table s2.1. Cycling parameters
were 95°C for 10 min and then 40 cycles of 95°C (30 s) and 60°C (1 min), followed by a
melting curve analysis. All reactions were run in triplicate, and median cycles to
threshold (Ct) values were used for analysis. Housekeeping genes were used to normalize
against experimental genes, and relative gene expression was determined using the 2−ΔΔCT
method (Livak and Schmittgen, 2001).

Statistical analysis
All data are presented as the mean ± standard error of the mean (SEM). For
comparison between two groups (e.g. mRNA fold change, latency to immobility in FST),
a Student’s t-test was used. For comparisons among both sexes at two time points for
stress exposure (e.g. SPT, MB, EZM) a two-way analysis of variance (ANOVA) was
used. Finally, for comparisons between multiple groups at multiple measurement points
(e.g. ASR, FST) a repeated measures two-way ANOVA (RM-ANOVA) was used to
determine significant differences with tone (ASR) or time (FST) representing the within,
repeated-measures independent factor and stress exposure the dependent variable.
Statistical analyses were performed using Graphpad Prism 7 (Graphpad Software, La
Jolla, CA), with the threshold for statistical significance set as P < 0.05, and Bonferroni
multiple comparison test used for all post hoc analysis.
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Results
Loss of sucrose preference immediately following CUS exposure in adolescents and
adults
Adolescent and adult mice exposed to CUS had a significantly lower preference
score in the sucrose preference test as compared to within group control animals not
exposed to adolescent or adult stress (Figure 2.2; F1,54 = 5.766, P < 0.05). In addition, a
two-way ANOVA revealed a significant effect of age of testing. Animals exposed to
CUS and evaluated with the SPT in adulthood (PND82) had a significantly lower
preference score compared to animals exposed to CUS and tested during adolescence
(PND40) (F1,54 = 8.788, P < 0.01).

Adolescent CUS increases anxiety-like behaviors in adulthood
Exposure to CUS during adolescence increased number of marbles buried in the
MB task by adult mice compared to non-stressed controls (Figure 2.3A; F1,48=12.41, P =
0.0009). However, mice exposed to CUS during adulthood and tested 30 days later did
not bury more marbles than to non-stressed controls tested at the same time and age
(Figure 2.3B; F1,40 = 3.622, P = 0.0642). In a second test of anxiety, the EZM, adult male
and female mice exposed to adolescent CUS spent less time in the open arm of the maze
compared to non-stress controls tested at the same time and age (Figure 2.3C; F1,33 =
4.707, P < 0.05). A two-way ANOVA also revealed a significant effect of sex across
treatments (Figure 2.3C; F1,33 = 7.541, P < 0.01). In contrast, adult CUS exposure had no
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effect on anxiety behavior in the EZM in male or female mice (Figure 2.3D; F1,39 =
0.01236, P = 0.9120) and no differences in behavior were found between sexes.

Adolescent CUS decreases acoustic startle response at high decibel tones in a sexdependent manner
Exposure to adolescent CUS decreased average startle response at high decibel
tones in male mice. A two-way RM-ANOVA revealed a main effect of tone (F3,69 =
46.72, P < 0.0001) and a main effect of adolescent stress exposure (F1,23 = 6.573, P =
0.0174) along with a tone by stress exposure interaction (F3,69 = 5.332, P = 0.0023) in
male mice on the ASR task (Figure 2.4A). Multiple comparisons further revealed a
significant effect of adolescent stress on startle response at the highest tone administered,
120 dB SPL (P < 0.0001). In contrast, CUS exposure during adulthood showed no
significant change in startle response at high decibel tones when compared to nonstressed controls in males (Figure 2.4B; F1,21 = 0.3038, P = 0.5873). However as expected
there was a main effect of startle tone on startle response amplitude (F3,63 = 55.59, P <
0.0001).
There was no change in startle response due to adolescent CUS exposure in
female mice tested for startle response in adulthood (F1,25 = 3.424, P = 0.0761), but, as
expected, there was a main effect of tone across both treatment groups (Figure 2.4C; F3,75
= 31.17, P < 0.0001). In addition, female mice exposed to adult CUS showed no
significant changes in startle responses compared to non-stressed controls (Figure 2.4D;
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F1,19 = 2.491, P = 0.1310), but did show an expected effect of tone on startle amplitude
(F3,57 = 37.31, P < 0.0001).

Adolescent and adult CUS increases time spent immobile in the FST
Exposure to CUS increased total time spent immobile in the FST and decreased
latency to the first bout of immobility in both male and female mice, regardless of when
stress was presented. A student’s two-tailed t-test revealed that male and female mice
exposed to adolescent CUS and tested 30 days later have a shorter latency to the first bout
of immobility (Figure 2.5A; P< 0.0001). Male mice exposed to adolescent CUS spent
significantly more time immobile over the course of the 6-minute swim test as compared
to non-stressed controls (Figure 2.5B; F1,30 = 8.261, P < 0.01). In addition, female mice
exposed to CUS during adolescence spent more time immobile (Figure 2.5C; F1,9 = 5.637,
P < 0.05). Both male and female mice exposed to CUS during adulthood showed a
decreased latency to the first bout of immobility (P < 0.0001) and spent more time
immobile (Male: F1,21 = 39.5, < 0.0001, Female: F1,19 = 6.014, P < 0.05) compared to
controls (Figure 2.5D-E).

Adolescent CUS increases CrfR2 expression in adult male mice
To evaluate molecular changes associated with anxiety and startle reactivity, we
measured mRNA in the amygdala of the adult mice. Adolescent CUS exposure increased
expression of CrfR2 mRNA in the amygdala of adult males (Figure 2.6C; P < 0.01) but
did not effect the expression of Crf (Figure 2.6A) or CrfR1 (Figure 2.6B). However, adult
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CUS exposure did not significantly change the expression of Crf , CrfR1, or CrfR2
mRNA in males (Figure 2.6D-F). In addition, females exposed to adolescent CUS did not
have any significant changes in the expression of Crf (Figure 2.6G), CrfR1 (Figure
2.6H), or CrfR2 (Figure 2.6I) in the amygdala. Finally, the same results were found in
females exposed to adult CUS (Figure 2.6J-L).

Discussion
Early life stress may predispose individuals to neuropsychiatric disorders later in
life. Evidence from human studies suggest that adolescence is a time period vulnerable to
the effects of chronic unpredictable stress (Heim and Nemeroff, 2001). Childhood trauma
is associated with the emergence of stress-related pathologies in adulthood that include
depression, anxiety, and post traumatic stress disorder (Heim et al., 2004; Moffitt et al.,
2007; Rikhye et al., 2008). In addition, quality of life and coping psychopathology is
heavily influenced by experiences during adolescence (Iversen et al., 2007; Neigh et al.,
2009). Reports have even suggested that the effect of stress exposure during adolescence
is as influential as current stress experience on quality of life (McCauley et al., 1997).
We investigated whether or not adolescence is a critical window of development that is
particularly sensitive to stress exposure. Previous work has identified effects of
adolescent stress exposure on adult behavior in mice (Schmidt et al., 2010; Weiss et al.,
2011; Saavedra-Rodríguez and Feig, 2013). However, these studies did not directly
compare adolescent and adult exposure windows to study the effect of stress on behavior.
Therefore, we exposed adolescent and adult animals to the same stress experience, in
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both duration and intensity, and tested for changes in behavior exactly 30 days following
the final day of stress exposure. In this experimental paradigm we controlled for the type
of stress experienced as well as the incubation period between stress and behavior testing.
In addition, we used a stress paradigm composed of physical and emotional stressors and
one that is both chronic and unpredictable in nature to better model the human experience
of stress (Kessler et al., 1997; Hill et al., 2012).
The CUS protocol used in this study is sufficient to induce an anhedonic state to
examine depression-like behaviors (Schmidt and Duman, 2010) and test the efficacy of
antidepressants (Falcon et al., 2016). Of importance, the mouse strain used in these
experiments, C57BL/6J, shows varying levels of resilience to the effects of stress
(Pothion et al., 2004). Previous research found loss of sucrose preference using much
longer paradigms, 7 or 8 weeks of chronic unpredictable mild stress exposure, in this
strain (Strekalova et al., 2011; Monteiro et al., 2015). We show here that this shortened
CUS paradigm can induce long-lasting behavioral and neurochemical changes in
adolescent C57BL/6J mice that are still evident during adulthood. Importantly, we
document a decrease in preference for sucrose over water in stress exposed mice. The
sucrose preference test is a well-validated behavior associated with stress-induced
anhedonia in animals (Willner et al., 1987) and increased thresholds for intracranial selfstimulation, a more direct measure of anhedonic state (Moreau et al., 1992; Carlezon and
Chartoff, 2007). In the current study, adolescent mice showed a stronger preference score
for sucrose compared to adults. This finding is consistent with other reports that show
younger mice consume more sugary substances as compared to adults (Brunell and
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Spear, 2005; Agoglia et al., 2016). This could be due to an increase in sucrose
consumption based on developmental requirements, as adolescence is characterized by
the greatest consummatory behavior and the presence of hyperphagia (Ganji and Betts,
1995; Spear, 2000).
Approximately 30 days following the end of CUS exposure, stress-exposed male
and female mice spent more time immobile in the forced swim test. Decreased mobility
in the FST is associated with decreased sucrose preference in rodents (Strekalova et al.,
2004). The FST has been used to characterize the effect of chronic stress in rats
immediately following 21 day restraint stress exposure beginning in adolescence (Eiland
et al., 2012) but not later in life. Therefore, this study provides evidence that the FST in
adulthood is sensitive to the effects of CUS in adolescence. In addition, we found that
adult CUS exposure also promotes altered FST later in life. These findings support the
results of Schmidt and colleagues (2010) that showed an increase in depression-like
behavior using an alternative assay, the tail suspension test, in mice exposed to 7 weeks
of chronic mild unpredictable stress during adulthood and tested 5 weeks later (Schmidt
et al., 2010).
We used a series of behavioral assays to determine anxiety-like behavior in male
and female mice 30 days following exposure to CUS. Each test for anxiety-like behavior
comes with peculiarities and limitations, and no one test provides the ideal model of
anxiety. Using several tests to measure anxiety-like behavior allows for the best
assessment of basal anxiety state in different conditions (Steimer, 2011). We chose two
paradigms that measure different aspects of anxiety. The MB test measures active and
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compulsive anxiety behavior (Jimenez-Gomez et al., 2011) while the EZM measures
exploratory behavior in open or closed arms of a circular maze (Shepherd et al., 1994).
Adolescent CUS exposure increased anxiety-like behavior. Of importance for clinical
translation, a predisposition towards an anxious temperament promotes depression and
anxiety diagnosis in patients (Nyman et al., 2011). In contrast, adult CUS exposed mice
showed no change in anxiety behavior. Of note, control and CUS exposed female mice
shared greater anxiety behavior in the EZM compared to males. This sex-specific effect
has been previously characterized (Dalla et al., 2010) and appears to be a product of age
(Walf et al., 2009) and estrous cycle (Gouveia et al., 2004).
Finally, to characterize additional stress-relevant behaviors following CUS, we
examined startle response to an acoustic tone. The ASR is a twitch-like motor reflex in
response to an unexpected auditory stimulus (Koch, 1999). We found adolescent CUS
decreased startle amplitudes in males, but not females, compared to controls. Animals
administered antidepressants, anxiolytics, and drugs that decrease overall CNS
excitability have a blunted startle response (Davis, 1980; Davis et al., 1993; Hijzen et al.,
1995). Enhanced startle is typically indicative of an increased basal state of anxiety
(Walker and Davis, 1997) or administration of an anxiogenic compound (Morgan et al.,
1993; Fendt et al., 1994). There are conflicting reports on the effects of chronic stress on
ASR immediately following the stress exposure, including both increases (Servatius et
al., 1994; Gewirtz et al., 1998) and no change in startle (Sipos et al., 2000). Rats exposed
to a predator scent during adolescence for approximately 1 week had increased startle
responses when tested 4 weeks later, along with increased measures of anxiety (Tsoory et
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al., 2007). However, our studies, composed of both a different species and different stress
exposure, did not find anxiety 30 days following stress exposure was accompanied by
increased startle response.
We found sex-specific differences in ASR behavior. Due to hormonal differences,
males and females are predisposed to experience the effects of stress differently. In fact,
programming of limbic stress circuitry and sex-specific responses to stress later in life
occurs prior to puberty and is dependent on intricate sex-specific hormone signaling
(Bale et al., 2010). Some studies found female rodents to be resilient to the effects of
stress, unless ovariectomized (Galea et al., 1997; McEwen, 2007), while others
characterized females to be more vulnerable to the effects of stress (McCormick et al.,
2004; Mueller and Bale, 2008). The female brain is inherently dissimilar to the male
brain with respect to structure and composition over the life-span (Cahill, 2006). Further
research into sex-dependent effects of chronic stress will continue to promote a better
understanding of stress dependent changes in behavior.
Increased anxiety- and depressive-like behavior and sex-specific effects may be
related to the vulnerability of the developing amygdala to stress during adolescence
(Lupien et al., 2009). The neuropeptide CRF is a signaling molecule in the amygdala that
mediates extra-hypothalamic stress response and is implicated in both anxiety and
depression disorders (Arborelius et al., 1999). Increased CRF activity in the amygdala is
found immediately following chronic stress (Menzaghi et al., 1993), and increases in
CRF signaling in the amygdala increases anxiety in rats (Rainnie et al., 2004). Crf
expression and signaling has also been implicated in ASR behavior in rodents. CRF
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projections from the amygdala to the pontine reticular nucleus mediate startle response in
rodents (Davis, 1980), and stimulation of the amygdala (Koch and Ebert, 1993) or
pharmacologic increase of CRF signaling enhances startle amplitudes (Swerdlow et al.,
1986; Liang et al., 1992).
Six weeks following stress exposure, we found evidence that CRF signaling was
altered in males exposed to adolescent stress. CrfR2 mRNA expression was increased in
the amygdala of male, but not female, mice that underwent CUS during adolescence.
CRFR2, which is activated by either CRF or urocortin, mediates stress coping through
dampening stress sensitivity (Bale et al., 2002). Therefore, increased CrfR2 expression in
the amygdala may contribute to blunted startle response. In addition, heightened anxiety
found in animals exposed to adolescent stress is consistent with increased CRFR2
activity, as acute CRFR2 activation is anxiogenic (Reul, 2002). Further, we found no
change in expression of CrfR1 in animals exposed to adolescent or adult CUS.
In summary, evidence from these studies suggest that adolescence is a critical
window for stress exposure, producing a disposition towards increased anxiety,
depression, and altered reactivity to stress in the future. In addition, characterization
extends to both sexes and identified sex-specific differences in response to stress,
providing evidence that sex is a biological variable that affects response to CUS. These
findings provide novel evidence of a stress exposure paradigm that produces changes in
behavior and stress signaling in the central nervous system.
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Figure 2. 1 Experimental timeline. Experimental schematic for chronic stress exposure during
adolescence and adulthood and behavioral testing. Male and female mice underwent 12 days of CUS
during adolescence, PND28-40, or adulthood, PND70-82. A sucrose preference test was conducted on the
final two days of CUS exposure in both groups. Four weeks following the final day of CUS exposure,
beginning on PND70 or PND112 respectively, animals were tested in the MB task, EZM, ASR, and FST
with at least two days of rest between behavioral testing. Animals were killed and whole brains were
removed and frozen immediately following FST.
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Figure 2.2 Loss of sucrose preference following CUS exposure in adolescents and adults. Adolescent and
adult CUS exposure decreases preference for sucrose over water in mice. Male and female mice were
combined for analysis. Bars represent volume of sucrose consumed divided by total volume of water and
sucrose consumed ± SEM. (n = 8-22), * P < 0.05. A significant effect of time of testing (adolescent vs. adult)
was also found, # P < 0.05. NS = no CUS, S = CUS.
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Figure 2.3 Adolescent CUS increases anxiety-like behaviors in adulthood. A) Male and female mice
exposed to adolescent CUS (S) buried more marbles in the MB task in adulthood than non-stressed (NS)
control animals. Bars represent number of marbles buried ± SEM. (n=8-22, * P < 0.05). B) There is no
difference in number of marbles buried between animals exposed to adult CUS or non-stressed control
animals later in adulthood. (n = 10-12) C) Male and female mice exposed to adolescent CUS spend less
time in the open arm of the EZM as compared to NS controls. Bars represent time spent in the open arm of
the EZM in seconds ± SEM. (n=8-22,* P < 0.05). Female mice spent less time in the open arm of the EZM
regardless of adolescent stress exposure compared to male mice (## P < 0.01). D) There is no difference in
the amount of time spent in the open of the EZM in male and female mice exposed to adult CUS compared
to non-stressed controls. (n=10-12). NS = no CUS, S = CUS.
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Figure 2.4 Adolescent CUS decreases acoustic startle response in male mice in adulthood. A) Exposure to
adolescent CUS (Stress) decreases startle amplitude at high decibel tones in male adult mice compared to nonstressed controls (No Stress). Values are plotted as startle amplitude ± SEM (n = 5-20, * P < 0.05). The lowest
dB SPL and three highest db SPL tones are shown. Multiple comparisons revealed a significant difference
between groups at 120 dB SPL (# P < 0.001). Male mice exposed to adult CUS (B) and female mice exposed
to adolescent CUS (C) or adult CUS (D) showed no difference in startle response compared to non-stressed
controls (n = 8-19).
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Figure 2.5 Adolescent and adult CUS induces depression-like phenotype in mice in adulthood. A)
Exposure to adolescent CUS (S) decreases latency to first bout of immobility in male and female mice. Bars
represent latency in seconds to first bout of immobility ± SEM (n = 5 – 20, * P < 0.05, *** P < 0.0001). B)
Male adult mice exposed to adolescent CUS (Stress) spend more time immobile over the 6 minute FST
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adolescent CUS spend more time immobile over the 6 minute FST compared to non-stressed controls (n = 5-6,
** P < 0.01). D) Exposure to adult CUS decreases latency to first bout of immobility in male and female mice
(n = 10-12, *** P < 0.0001). E) Male adult mice exposed to adult CUS spend more time immobile over the 6
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Figure 2.6 Quantitative real-time PCR analysis of Crf, CrfR1, and CrfR2 expression in the amygdala
of stressed mice shows increased CrfR2 in male mice exposed to adolescent CUS. A-C) Male mice
exposed to adolescent stress (Stress) have no fold change in a) Crf b) CrfR1 mRNA expression in the
amygdala and but an increase in CrfR2 (c) fold change compared to controls (No Stress). Bars represent
fold change measured by qRT-PCR and normalized to Tbp or HPRT ± SEM (n = 3-5, * P < 0.01). D-F) No
fold change in Crf (d), CrfR1 (e), or CrfR2 (f) in the amygdala of male mice exposed to adult CUS
compared to controls (n = 3-5). G-I) No fold change in Crf (g), CrfR1 (h), or CrfR2 (i) in the amygdala of
female mice exposed to adolescent CUS compared controls (n = 3-5). J-L) No fold change in Crf (j), CrfR1
(k), or CrfR2 (l) in the amygdala of female mice exposed to adult CUS compared to controls (n = 3-5).
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Table 2.1 Stressors and lengths of exposure for CUS paradigm
Day$$
1$
2$
3$
4$
5$
6$
7$
8$
9$
10$
11$
12$

Morning$~$9:00$

$

A0ernoon$~$14:00$

Overnight$~$19:00$(12$hr)$
Lights$on$
Food$depriva9on$$
3$hr$
Stroboscope$
3$hr$

Rotate$$
Tilt$$
1$hr$
Restraint$$
Lights$oﬀ$$
1$hr$
Swim$at$room$
Cold$$
temperature$
10$min$
1$hr$
Rat$odor$$
Restraint,$dark$$
3$hr$
1$hr$
Rotate$$
New$partner$$
1$hr$
3$hr$
Cold$$
1$hr$ Lights$oﬀ,$cage$9lt$$ 3$hr$
Swim$at$18°C$
8$min$ Restraint,$shaker$$ 1$hr$
New$partner$
Rat$odor,$sta9c$
3$hr$
3$hr$
Lights$oﬀ,$cage$9lt,$
Cold,$dividers$$
wet$bedding$$
3$hr$
1$hr$
Rat$odor,$rota9on$$ 3$hr$ Restraint,$light$oﬀ$$ 1$hr$
Swim$at$room$
Rotate$$
temperature$
10$min$
1$hr$

Wet$bedding$
Isola9on$$
Lights$on,$sta9c$$
Wet$bedding$
Cage$9lt$
Lights$on$$
Stroboscope$
Isola9on$$
Wet$bedding$$

Cage rotation. Animals were placed 4 per cage and the cage was placed on a Thermo Scientific Multi-purpose
Oscillator and run at an oscillation speed of 100 rotations/min. Cage tilt. The cage was tilted 45 degrees. Restraint:
Animals were placed in 50ml conical tubes in which holes had been drilled at the front for air and on the cap to allow
the tail to extend. Tubes were taped to a table top to stabilize and restrict movement. Animals were continuously
monitored during restraint. If animals were continuously struggling for 10 minutes or show severe respiratory distress
(respiratory rate 2x baseline) for 5 minutes, the restraint stress was terminated and the animal was removed from the
study. Swim. Animals swam one at a time in water in a clear cylinder either at room temperature or 18 degrees Celsius.
Animals were continuously monitored during swim stress. At any time if the animal was not actively swimming or
floating (i.e. sinking), the animal was immediately removed from the tank. Cold. Cage was placed in a container filled
with ice so only the bottom of the cage was in contact with ice. Rat Odor. Animals were placed in a cage filled with
used rat bedding. New partner. Animals were placed in a cage with a new partner of the same gender. Stroboscope.
Cages were placed in a room overnight with a stroboscope running at 180 light flicks/min with the lights off. Wet
bedding. 50 mL of water was added to bedding in the home cage. Lights on plus static. Lights were left on overnight
and mice were placed in a room with white noise. The stressors were given 3 times a day, morning, late afternoon and
overnight. The duration of these stressors (as indicated in Table 2.1) are all based on published protocols in mice that
demonstrate depression-like symptoms, as assessed both behaviorally and at a molecular level (Schmidt & Duman
2010). Animals were continuously monitored for the first 15 minutes of all the stressors and for the duration of the
swim and restraint stressors. If the animals met any of the removal criteria outlined above they were removed from the
study and euthanized.
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table s2. 1 Primer sequences used for qRT-PCR

Gene

Forward (5’-3’)

Reverse (5’-3’)

Crf

TAAAGAAAATGTGGCCCCAAG

CTAGCCACCCCTCAAGAATGA

CrfR1

CTTCTCCTTCTGGGGCTGA

AGGTGCCAATGAGGTCCAC

CrfR2

AAGTGCACGAGGGCAATG

TGGTGACCACAAAATAGTTGAAG

Tbp

CAGCAATCAACATCTCAGCAA

GGGGTCATAGGAGTCATTGGT

Hprt

GGCCATCTGCCTAGTAAAGCT

GTCGGCCTATAGGCTCATAGT
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Abstract
Parental stress exposure is inherited by future generations in both humans and animals.
However, it is not known whether parental stress exposure influences offspring's
response to drugs of abuse, including nicotine. Thus, we determined if stress
administered to F0 animals altered the response to nicotine in future generations. Male
and female C57BL/6 mice underwent chronic unpredictable stress (CUS) for 2 weeks,
starting at 4 weeks of age. Following CUS, mice were mated with naïve partners to
produce F1 offspring. A second generation of mice was obtained by mating F1 offspring
with naïve partners. Sex- and lineage-dependent changes in response to nicotine were
found in both F1 and F2 offspring tested between 10-14 weeks of age. Rna-Seq analysis
of the amygdala of F1 male offspring identified 240 genes with altered expression in
mice derived from fathers exposed to CUS (fold change > 1.74, FDR < 0.05, and P <
0.05). Of these genes, 41 displayed increased mRNA while 199 were repressed. Gene
ontology (GO) functional annotation clustering (DAVIDv6.7) revealed significant
enrichment of extracellular matrix and plasma membrane gene sets. Thus, multi- and
transgenerational inheritance of parental stress exposure produces altered responses to
chronic nicotine exposure in mice. In addition, epigenetic inheritance is reflected in
differential expression of genes found in offspring that may contribute to these
phenotypes.
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Introduction
Stressors are an inescapable part of everyday life. While the nervous system is
adept at responding to and recovering from acute stressors, long-term stress exposure
promotes detrimental maladaptation in physiological responses to additional stress and a
predisposition to disease (de Kloet et al., 2005). In addition, parental exposure to
stressors that can result in long-term changes in individual behavior, including the
development of neuropsychiatric disorders, is a risk factor for altered physiology and
behavior in offspring (Yehuda et al., 1998). This was first noted as increased risk of
cardiovascular disease for children of mothers that were exposed to the Dutch Hunger
famine (Barker, 1990), which led to the “developmental origins of health and disease” or
DOHaD hypothesis (Barker, 2007). Paternal transmission of exposure to trauma has also
been associated with male exposure to the Dutch Hunger famine and the incidence of
metabolic disorders in offspring (Kaati et al., 2007), as well as other traumatic events
experienced by fathers and their contributions to offspring risk for psychiatric disorders
(Yehuda et al., 2008).
While it is evident that traumatic events experienced by parents can impact
offspring behavior and physiology (Matthews and Phillips, 2012), clinical studies are
unable to clearly dissociate the influence of parental rearing environment, or the
household environment, from biological transmission as a mechanism of inheritance
(Bowers and Yehuda, 2016). Therefore, animal models provide the only means of
creating controlled stressful life experiences to study the effects of stress exposure on
offspring in the absence of confounding variables. Work in rodents has recapitulated
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many clinical findings, showing inheritance of both maternal and paternal stress exposure
in first and second generation offspring (Franklin et al., 2010, 2011; Dietz et al., 2011;
Leshem and Schulkin, 2012; Rodgers et al., 2013; Saavedra-Rodríguez and Feig, 2013).
In addition, transmission through the germline as a mechanism of inheritance of parental
stress exposure has been suggested (Franklin et al., 2010; Dias and Ressler, 2014; Gapp
et al., 2014a; Rodgers and Bale, 2015), as have lineage- and sex-dependent inheritance
(Franklin et al., 2010; Saavedra-Rodríguez and Feig, 2013; Babb et al., 2014).
Transmission of the consequences of stress exposure across several generations in
offspring that had no direct contact with the stressor, is evidence of transgenerational
inheritance of parental experience (Skinner and Guerrero-Bosagna, 2009).
Interestingly, while the multi- and transgenerational effects of parental stress
exposure on offspring anxiety, depression, and response to stress has been characterized
(Franklin et al., 2010; Weiss et al., 2011; Rodgers et al., 2013; Saavedra-Rodríguez and
Feig, 2013), little work has explored other domains of physiology and behavior in
offspring (Wu et al., 2016). For example, the response to drugs of abuse is heavily
modulated by stress in humans and animals (Koob and Volkow, 2009; Briand and
Blendy, 2010), and stress has been implicated in the facilitation of drug selfadministration (Haney et al., 1995), conditioned place preference (Der-Avakian et al.,
2007; Smith et al., 2012), and reinstatement of drug seeking behavior (Ahmed and Koob,
1997). In particular, nicotine reinforcement is dependent on stress signaling pathways
(George et al., 2007), and exposure to stress predisposes animals to altered response to

53

nicotine later in life (McCormick et al., 2004). However, it is unknown if parental stress
exposure influences offspring's response to nicotine.
Here we evaluate transgenerational maternal and paternal adolescent chronic
unpredictable stress (CUS) exposure in two generations of male and female offspring, as
well as evidence of lineage and sex-dependent transmissions of exposure. We
hypothesized that paternal and maternal adolescent CUS exposure would produce
changes in behavior of F1 and F2 offspring, particularly response to nicotine. We
employed an adolescent CUS paradigm that was previously shown to induce long-term
changes in anxiety and depression-like behavior in mice (Chapter 2). In addition, RNAsequencing performed in the amygdala of F1 male offspring demonstrated differential
gene expression in animals derived from fathers exposed to stress.

Materials and Methods
Animals
Male and Female C57BL/6JTac mice (6-8 weeks of age, 20-30 g) were ordered
from Taconic Farms (Hudson, NY), maintained on a 12-h light/dark cycle with food and
water ad libitum in accordance with the University of Pennsylvania Animal Care and Use
Committee (Philadelphia, PA, USA), and bred for two generations to generate the F0
animals used in the current study. This decreased the impact of transportation on the mice
and allowed us to isolate the effects of CUS on several generations of offspring.
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Adolescent chronic unpredictable stress (CUS) exposure
Male and female mice underwent chronic unpredictable stress (CUS) for 12 days
starting at post-natal day 28 (PND28). Mice were randomly chosen for exposure to CUS
and cagemates were assigned to only one treatment group. The CUS paradigm was
adapted from previous studies that induced anhedonia immediately following exposure
(Schmidt and Duman, 2010). The exact stressors, duration of stressor, and sequence of
exposures can be found in Table 2.1. Briefly, animals were exposed to three stressors a
day, in the morning, afternoon, and overnight, for 12 consecutive days in dedicated
procedure rooms. Mice were returned to the animal colony between stressors and after
the final stressor.

Mating and offspring generation
One week following CUS exposure, on PND49 (7 weeks of age), males were placed with
unexposed females for 1 week. Females were removed from cages and a second group of
unexposed females were placed with males on PND56 (8 weeks of age) to produce F1
offspring. The presence of vaginal plugs was monitored daily to test for pregnancy, and
males were removed when a plug was found. Non-stressed males underwent the same
mating protocol. Both non-stressed and stressed females were mated with non-stressed
males approximately one week following the end of CUS exposure on PND49 (7 weeks
of age). The presence of vaginal plugs was monitored daily to test for pregnancy, and
males were removed when a plug was found. Three cohorts of F0 animals were exposed
to adolescent stress and used to produce F1 offspring over three years. To produce a F2
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animals, F1-Cohort 2 and F1-Cohort 3 were mated at PND96 (12 weeks of age) to
produce F2 offspring (Figure 3.1). In order to maintain lineages, male and female F1
animals were not mated together but instead with naive partners.

Behavioral testing
All experimental testing sessions were conducted between 8:00 a.m. and 5:00 p.m.
Behavior in F1 and F2 offspring was assayed between PND70-84 (10 to 12 weeks of
age). Three cohorts of F1 and two cohorts of F2 offspring were produced (Figure 3.1).
All animals were sacrificed following final behavioral testing. Brains were rapidly
removed and flash frozen in isopentane (-80°C) for use in molecular analysis. Coronal
brain sections (300 micron) between Bregma -0.58 and -1.70 (Franklin and Paxinos,
1997) were used to collect 1.2 mm punches of the amygdala bilaterally and used for RNA
extraction.

Marble Burying (MB)
Differences in anxiety between treatment groups were evaluated using the marble
burying (MB) test (Njung’e and Handley, 1991). After a 1-hour period of acclimation,
mice were placed individually in a test cage that resembled their home cage (26x20x14
cm). Twenty marbles were distributed evenly in the cages in 5 rows of 4 on top of mouse
bedding (5 cm in depth) and a clear lid was placed on top of the cage. Animals were left
undisturbed for 15 minutes, after which the number of marbles buried, distinguished by
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being three-fourths or more submerged under bedding, was quantified by a trained
observer blind to experimental groups.

Elevated Zero Maze (EZM)
The elevated zero maze (EZM) was used as a second test of changes in anxiety in
offspring. Following a 1-hour period of acclimation to the testing room, mice were placed
in the maze consisting of two open arms and two closed arms elevated 24 inches (61 cm)
off the ground and left undisturbed for five minutes. Mice were video recorded for the
duration of testing and the time spent in the open arms of the maze was measured by a
trained observer blind to experimental groups.

Acoustic Startle Response (ASR)
The reflexive response to an unexpected tone was assessed using the acoustic
startle response (ASR) (Davis, 1980). After a 1-hour period of acclimation to the testing
room, animals were placed in acoustic startle chambers (SR-Labs, San Diego, CA, USA)
for behavioral testing. The chamber consisted of a light- and sound-attenuating outer
plastic box and an inner non-restrictive plastic cylinder chamber affixed to a stage
platform. Broadband acoustic startle tones were emitted from a high frequency speaker
mounted above the mouse chamber and startle reflexes were measured by a piezo
electronics monitor mounted under the stage platform. Each testing session lasted 30
minutes. Animals were habituated to the inside of the startle chamber with a 67 decibel
sound pressure level (dB SPL) background white-noise for five minutes. After the
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habituation period, animals were presented with 10 rounds of 5 pseudo random startle
tones (50 total trials) differing in dB SPL (75, 80, 85, 90, 95, 100 105, 100, 115, and
120dB SPL). Pseuedo random inter-stimulus intervals (ISIs) were generated by the
Startle Response software (SR-Labs; San Diego, CA). ISIs consisted of 26, 28, 30, 32,
and 34 seconds. Immediately after each startle tone presentation, the startle amplitude
was measured as the average voltage emitted by the piezo electric pickup per each
millisecond for the 100 ms response window.

Forced Swim Test (FST)
Behavioral immobility differences between treatment groups were evaluated
using the forced swim test (FST). Mice were placed into plexiglas cylinders filled with
water (25°C; 30-38 cm high) for 6 minutes while being video recorded. The time spent
immobile during the swim session was recorded by an observer blinded to treatment
groups. A mouse was considered immobile when making only those movements
necessary to keep its head above water.

Nicotine Locomotor Sensitization
Locomotor response to repeated nicotine administration was assayed in F1 and F2
offspring at 10 to 12 weeks of age. To evaluate locomotor activity, mice were placed in a
test cage with the same dimensions as their home cage containing a small layer of
bedding (28.9 x 17.8 x 12 cm). Each test cage was surrounded by a photobeam frame (30
x 24 x 8 cm) with sensors arranged in an eight-beam array strip. Locomotor activity was
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recorded as beam breaks and was collected over 60 minutes using an activity monitoring
system (MED Associates, St. Albans, VT). Data are reported as locomotor activity (beam
breaks) over the first 15 minutes of recording.
For two consecutive days, animals received intraperitoneal (i.p.) injections of
0.9% saline solution and were immediately placed in test cages to record baseline level of
activity (Baseline). Animals received 1 mg/kg nicotine (i.p.) daily and locomotor activity
was recorded for four consecutive days (Sensitization). We chose a low dose of nicotine
to determine the effects of chronic exposure on nicotine response. Past work has shown a
range of low nicotine doses, 0.015 mg/kg (Tapper et al., 2004) to 0.05 mg/kg (Kim and
Kim, 1999), and higher doses, 0.5 mg/kg (Itzhak and Martin, 1999), that can induce
nicotine locomotor sensitization. Two weeks following the last nicotine injection, animals
received an additional 1 mg/kg (i.p.) nicotine injection and locomotor activity was
recorded (Challenge).

RNA-sequencing (RNA-Seq)
Total RNA was isolated from amygdala punches (bilateral, 10 mg) of F1 male
animals using AllPrep DNA/RNA micro kit (Qiagen, Cat. No. 80824). 100 ng of RNA
was used to construct cDNA libraries with TruSeq® Stranded mRNA kit poly-A
enrichment (Illumina, RS 122-2101) according to the manufacturer’s protocol. The
molarity of libraries was quantified using the KAPA library quantification assay (Kapa
Biosystems, Cat. No. KK4873). Next-generation sequencing was conducted on an
Illumina HiSeq2000. With 5-7 replicates per F1 male offspring treatment group, we
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prepared a total of 24 cDNA libraries. The libraries were multiplexed into two groups,
with 12 unique adaptors in each group, and sequenced by the University of Pennsylvania
Next-Generation Sequencing Core (NGSC). Differentially expressed genes (DEGs) were
identified using EdgeR (Robinson et al., 2010). Only those transcripts with at least 1.74fold differential expression (log2 fold change greater than 0.8) and a false discovery rate
(FDR) and P-value lower than 0.05 were included. Davidv6.7 was used to perform
functional annotation cluttering of the DEGs. Cluster enrichment scores of a GO
annotation above 1.3 (alpha 0.05) were considered significant (Huang et al., 2009).

Statistical analysis
All data are presented as the mean ± standard error of the mean (SEM). For
comparison between two groups (e.g. acoustic startle at a single tone), a Student’s t-test
was used. For comparisons of the effects of stress across both sexes (e.g. MB, EZM,
FST) the two-way analysis of variance (ANOVA) was employed. Finally, for
comparisons between multiple groups at multiple measurement points (e.g. nicotine
locomotor sensitization) a repeated measures two-way ANOVA (RM-ANOVA) was used
to determine significant differences with time representing the within, repeated-measures
independent factor and stress exposure the dependent variable. Statistical analyses were
performed using Graphpad Prism 7 (Graphpad Software, La Jolla, CA), with the
threshold for statistical significance set as P < 0.05. The Bonferroni multiple comparison
test was used for all post hoc analysis.

60

Results
F1 offspring display lineage and sex-specific changes in affect
We tested F1 male and female offspring in adulthood to determine if paternal or
maternal adolescent CUS would impact their behavior. No changes in the number of
marbles buried (MB), the time spent in the open arm of the elevated zero maze, the startle
response to an acoustic tone (ASR), or the time spent immobile in the forced swim test
were found in F1 male or female offspring of fathers exposed to adolescent CUS
compared to controls (Table 3.1). Likewise, F1 male and female offspring of mothers
exposed to adolescent CUS displayed no significant changes in anxiety- and depressivelike behaviors (Table 3.2). F1 female offspring of maternal adolescent CUS exposure
showed a non-significant trend towards an increase in startle at 120 dB compared to nonstressed lineage control animals (P = 0.08). Behaviors are summarized in Tables 3.1 and
3.2 for both lineages. Mice exhibited a sex-dependent difference in FST, in that F1
females spent less time immobile as compared to males, regardless of parental stress
(figure s3.1).

Paternal adolescent CUS exposure alters F1 male and female nicotine locomotor
sensitization
In addition to testing F1 offspring for anxiety, depression, and startle behaviors,
we sought to determine if parental stress exposure would impact the response to nicotine
exposure. Repeated exposure to nicotine causes behavioral sensitization in mice (Reid et
al., 1996), reflected by increased locomotor activity following the second treatment with
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nicotine. This is clearly demonstrated in Figures 3.2 and 3.3 for both male and female
descendants of mice that were never exposed to stress.
F1 male offspring of fathers exposed to adolescent CUS showed a different
locomotor response to chronic nicotine exposure as compared to controls (Figure 3.2A).
Control animals developed behavioral sensitization to nicotine with increased locomotor
response on nicotine day 4 (P < 0.05) and on the challenge day (P < 0.05) compared to
the first day of nicotine administration. However, the same development of sensitization
was not found in male F1 offspring whose fathers were exposed to adolescent CUS.
Rather, these animals did not exhibit increased locomotor activity on day 4 nicotine
compared to day 1 and, instead, only showed expression of locomotor sensitization with a
significant increase in locomotor response on the challenge day compared to nicotine day
1 (P < 0.0001).
F1 female offspring of paternal stress showed increased locomotor response to
repeated nicotine administration but no development of behavioral sensitization (Figure
3.2B). Paternal stress exposure increased locomotor response to nicotine in F1 females at
all time points (P < 0.05). Additional tests showed that, while control female mice
(Father No Stress) increased their locomotor response to nicotine on the challenge day
compared to nicotine day 1 (P < 0.05), F1 female mice derived from fathers exposed to
stress did not significantly increase their locomotor response to nicotine over time.
Therefore, paternal stress exposure significantly changed the response of F1 male and
female offspring to nicotine.
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Maternal adolescent CUS exposure eliminates behavioral sensitization to nicotine in
offspring
The effect of stress exposure on behavioral sensitization to nicotine was even
more striking in the offspring of stressed mothers (Figure 3.3). F1 male and female
offspring of mothers exposed to adolescent CUS showed a dramatically blunted
locomotor response to chronic nicotine exposure compared to controls. As before, F1
male control animals significantly increased locomotor response on nicotine day 4 and on
the challenge day (P < 0.01) compared to the first day of nicotine administration (Figure
3.3A). However, F1 males whose mothers were exposed to stress showed no significant
change in locomotor response to nicotine on the fourth day of administration or the
challenge day. The same patterns were observed in F1 female offspring. While F1 control
females had increased responses to nicotine on both day 4 and challenge day as compared
the first day of nicotine administration (P < 0.05), F1 females from mothers exposed to
adolescent CUS did not increase response to nicotine over time (Figure 3.3B). Thus,
exposing female mice to stress in adolescence causes striking behavioral desensitization
in their offspring.

F2 offspring have sex- and lineage- dependent changes in anxiety and startle
In order to determine if F0 paternal or maternal stress exposure impacts the
behavior of a second generation of offspring, we tested male and female F2 mice in the
MB test and ASR. Remarkably, F2 male offspring derived from F1 males whose fathers
were exposed to CUS buried fewer marbles in the MB test compared to control F2 males
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(Table 3.3; P < 0.05). In addition, F2 females derived from the male F1 lineage and
whose fathers were exposed to stress showed a non-significant trend towards fewer
marbles buried compared to F2 female controls (P = 0.08). Finally, F2 males derived
from F1 females whose fathers were exposed to stress, also showed a non-significant
trend towards less marbles buried (P = 0.07). Therefore, decreased anxiety-like behavior
in the MB test was found in offspring of parents exposed to adolescent stress.
In addition, startle behavior in F2 offspring was altered in a lineage- and sexdependent manner (Table 3.3). F2 males derived from F1 males whose fathers were
exposed to stress had a blunted startle amplitude at the 120 dB tone compared to F2
controls (P < 0.05). However, female F2 mice of the same lineage showed no change in
ASR. In addition, both F2 males and females derived from F1 females whose fathers
were exposed to stress showed no change in startle behavior. Finally, we found F0 female
stress to have no impact on F2 marble burying or startle behavior (Table 3.4). In
summary, we found only one group of offspring derived from F0 stress to have
significantly altered startle response.

Sex- and lineage-dependent changes in the response to nicotine are present in F2
offspring of F0 male and female mice with adolescent CUS exposure
As discussed, repeated administration of nicotine results in behavioral
sensitization in mice reflected in increased locomotor activity following the first day of
nicotine exposure (Figure 3.4). However, F2 male offspring derived from F1 males
whose fathers were exposed to adolescent CUS displayed blunted locomotor response to
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chronic nicotine exposure, demonstrating a deficit in sensitization to nicotine that
originated in the grandfather (Figure 3.4A). Female siblings, however, were not
significantly different in the expression of nicotine locomotor sensitization compared to
controls.
Interestingly, F0 male stress exposure did not transmit changes in locomotor
response to nicotine to F2 offspring through F1 females. F2 male offspring of F1 females
whose fathers were exposed to stress developed sensitization like controls (Figure 3.4B).
Similarly, F2 female offspring of F1 females whose fathers were exposed to stress
showed no differences in response to nicotine compared to controls. Taken together,
these results suggest that paternal stress exposure is transmitted through F1 males, but not
F1 females, to affect the F2 generation's response to nicotine.
Finally, we also determined if stress exposure in grandmothers would influence
F2 offspring locomotor response to nicotine. F2 male and female offspring of F1 males
whose mothers were exposed to stress developed locomotor sensitization to nicotine
exposure (Figure 3.5A). Interestingly, control animals did not significantly sensitize to
nicotine administration although they showed trends of an increased locomotor response
over time, a finding that is also reflected in previous reports (Itzhak and Martin, 1999). In
addition, F2 male and female offspring of F1 females whose mothers were exposed to
stress showed nicotine sensitization, as reflected in increased locomotor activity on
challenge day compared to the first administration of nicotine (Figure 3.5B). Therefore,
we found maternal stress exposure to have no effect on the development of locomotor
sensitization to nicotine in F2 offspring.
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Differential gene expression in the amygdala of F1 male mice derived from fathers
exposed to stress
Transcriptome changes in the amygdala of F1 male offspring were analyzed using
RNA-Seq. Differential gene expression analysis using a stringent threshold and
significance criteria (fold change > 1.74, FDR < 0.05, and P < 0.05) identified 240 genes
with altered expression in the amygdala of F1 male offspring of stress-exposed fathers
(table s3.1). Of those genes, 41 had increased expression while 199 were deactivated
(Figure 3.6A). Gene ontology (GO) functional annotation clustering of the differentially
expressed genes (DEGs), performed using DAVIDv6.7, revealed significant enrichment
of several gene sets (table s3.2). The greatest enrichment was found in gene sets
identified by "extracellular matrix" and "plasma membrane" component terms that also
represented approximately 10% to 40% of DEGs identified within each respective gene
set (Figure 3.6B). Driving the GO clustering was the altered expression of collagen and
developmental genes, as well as genes implicated in the cellular response to stress and
drugs of abuse (Figure 3.6C).
Briefly, collagen genes, Col8a1 and Col8a2, showed 4-fold repression in the
amygdala of F1 males from fathers exposed to stress compared to controls. In addition,
trophic factors insulin-like growth factor 2 (Igf2) and insulin-like growth factor 2 binding
protein (Igfbp2) were significantly deactivated. Remarkably, two subunits of nicotinic
acetylcholine receptors, Chrnb3 and Chrnb4, were differentially expressed with a 4-fold
repression of Chrnb4 and an 8-fold activation of Chrnb3. Finally, a striking increase in
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the expression of dopamine receptor 2 (Drd2) was found along with several other genes
implicated in the reward pathway.

Discussion
Through a three-year study of multi- and transgenerational inheritance in mice,
we made the remarkable discovery that exposure of grandparents to chronic
unpredictable stress during adolescence affects behavioral sensitization to nicotine and
thus brain plasticity in the grandchildren. Thus, we provide a detailed family tree of the
inheritance of a novel adolescent stressor on behavioral sensitization to nicotine in a sexand lineage-dependent manner.
We sought to characterize phenotype penetrance of both paternal and maternal
adolescent CUS exposure. In this effort, male and female F0 mice were exposed to CUS
in adolescence and then mated with non-stressed partners. For the F0 male line, fathers
were removed from mating cages during pregnancy and had no interaction with
offspring, thus controlling for the effect of adolescent CUS may have on F0 interaction
with pups. However, in the case of maternal adolescent CUS exposure, mothers were
kept with their offspring until pups were weaned at PND21. Therefore, interpretation of
multigenerational changes in behavior are subject to the influence of both maternal
environment in the homecage as well as maternal epigenetics. Maternal rearing
environment has been shown to produce changes in offspring anxiety, stress response,
and even social behavior (Francis et al., 1999; Johnson et al., 2011; Zaidan et al., 2013) .
In addition, changes in gene expression and offspring physiology have been correlated
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with early life experiences in the homecage (Meaney et al., 1996; Menard et al., 2004).
We observed maternal interaction with newborn pups and found no significant
differences in homcage behavior between mothers that had been previously stressed
compared to non-stressed control mothers (data not shown), but we cannot exclude the
subtle differences in maternal behavior. Cross-fostering and in vitro fertilization (IVF)
experiments have been used to control for or eliminate the maternal environment.
However, both of these methods come with their own disadvantages. Cross-fostering
promotes greater variability based on mother-dependent homecage interactions that can
influence adult physiology and behavior (Bartolomucci et al., 2004). In addition, IVF has
been shown to cause differential gene expression through altered methylation patterns of
the genome during reprogramming (de Waal et al., 2014). Therefore, neither of these
methods is likely to reduce the impact of maternal rearing environment in our paradigm.
Previous work in our own lab has shown that adolescent CUS exposure produces
increased anxiety, increased depression-like behavior, and altered startle in a sexdependent manner in animals during adulthood (Chapter 2). However, we did not find
these behaviors transmitted to the next generation. Instead, we found that adolescent CUS
exposure in F0 males or females did not produce any significant changes in anxiety,
depression, or startle response behavior in F1 offspring.
Remarkably, we observed significant changes in the behavior of male F2 mice
derived from F1 males whose fathers had been exposed to stress. These F2 males showed
decreased anxiety-like behavior, in stark contrast to the effect of adolescent CUS
exposure on male adult behavior, but also a blunted startle response, which mirrored the
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behavior of F0 males (Chapter 2). Decreased startle (Davis et al., 1993; Hijzen et al.,
1995) and marbles buried is achieved through the administration of anxiolytics (Njung’e
and Handley, 1991; Jimenez-Gomez et al., 2011), thus implying that decreased basal
anxiety was epigenetically inherited from stressed grandfathers to grandsons through the
male lineage.
Our study is the first to examine inheritance of chronic stress exposure and its
impact on offspring response to drugs of abuse. We hypothesized that parental exposure
to CUS during adolescence would impact the response to nicotine, a drug of abuse
heavily reliant on stress signaling pathways in the central nervous system for
reinforcement (George et al., 2007). Therefore, we employed behavioral sensitization to
repeated nicotine exposure to test response to nicotine in F1 and F2 offspring of F0 male
or female adolescent CUS exposure. Locomotor sensitization to psychostimulants is a
quantifiable, behavioral measure of neuradaptations that occurs in response to chronic,
intermittent exposure to drugs. Daily administration of nicotine (Benwell and Balfour,
1979), ethanol (Cunningham and Noble, 1992), amphetamines (Robinson and Becker,
1986), and opiates (Joyce and Iversen, 1979) causes enhanced locomotor activity in
response to each consecutive drug exposure of the same dose. These sensitized responses
are persistent and last several weeks after cessation of drug exposure (Steketee and
Kalivas, 2011), and may represent a form of neural plasticity (Nestler, 2001).
Importantly, increased locomotor response to nicotine over consecutive days of
administration demonstrates induction of sensitization, while the increased locomotor
response to nicotine on a challenge day, which is temporally removed from the initial and
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chronic exposure, shows expression of sensitization. Induction of sensitization is not
necessary for expression of sensitization in some animals (DiFranza and Wellman, 2007).
The long-lasting nature of behavioral sensitization is thought to be driven by a persistent
enhanced response of neurons that innervate the nucleus accumbens, including glutamate
projections from the basolateral amygdala (Pierce and Kalivas, 1997).
Complex family trees were characterized for sensitization to nicotine, revealing
both lineage- and sex-specific effects of F0 stress exposure. F0 male stress exposure
produced F1 male offspring with blunted development of nicotine sensitization, and,
strikingly, this phenotype was stably transmitted to their F2 male offspring. Although
paternal adolescent CUS exposure increased F1 female offspring response to nicotine, no
changes were inherited by F2 male or female offspring. Therefore, we concluded that
paternal nicotine exposure alters the response of F1 offspring to nicotine in a sex- and
lineage-dependent manner. F0 female stress exposure produced F1 males and females
with blunted locomotor sensitization to nicotine exposure. Interestingly, this phenotype
was reversed in the male and female F2 offspring of F1 males and females, in that these
mice developed locomotor sensitization to nicotine compared to controls.
It is not uncommon to see different transmission rates of transgenerational
inheritance phenotypes (Heard and Martienssen, 2014). Rather, these complex patterns of
transmission suggest dynamic processes that mediate multi- and transgenerational
inheritance. Changes in the environment produce complex changes, which are malleable
in the next generation, thus promoting survival fitness within proximal generations of
families (Bonduriansky et al., 2012). The differing patterns of induction and expression
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of nicotine sensitization observed suggest altered intrinsic development of sensitization
between groups of animals. Therefore, we sought to determine if there was altered
transcription in the brains of F1 male animals.
We analyzed differential gene expression in the amygdalas of F1 male offspring
of paternal and maternal stress exposure using RNA-Seq. F1 male offspring were chosen
because they showed altered response to nicotine, if derived from either paternal or
maternal stress, and produced F2 offspring with directional changes in response to
nicotine in lineage-dependent manners. By identifying a group of animals with altered
nicotine response that transmitted this phenotype to the next generation, we could
determine differentially expressed genes that may mediate behavior. In addition, we
chose the amygdala due to its overlapping roles in drug response (Vanderschuren and
Kalivas, 2000), anxiety, and acoustic startle reactivity (Davis, 1992). The amygdala is
functionally primed, through its substructural nuclear organization and connectivity to
several regions throughout the brain, to integrate responses to external sensory
information and mediate behaviors (Rodrigues et al., 2009).
Using EdgeR we identified 240 differentially expressed genes (DEGs), and using
David functional gene ontology (GO) clustering we revealed two sets of genes of
particular interest. First, extracellular matrix genes had the greatest enrichment score.
Decreased expression of type VIII collagen genes (Col8a1, Col8a2), pro collagen Cendopeptidase enhancer (Pcolce), insulin-like growth factor 2 and insulin-like growth
factor 2 binding protein (Igf2, Igfbp2), leptin receptor (Lepr), and increased reelin (Reln)
expression were found in this functional cluster. Extracellular matrix components and
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trophic factors are both major players in synaptic development and plasticity and,
therefore, down regulation of these genes could greatly influence cell functionality and
signaling throughout life (Bonneh Barkay and Wiley, 2009; Russo et al., 2011). In
addition, changes in the expression of collagens, Pcolce, and have been implicated in
other stress and stress inheritance studies. Col8a1, one of many collagen genes that codes
for the fibrous extracellular matrix proteins, is decreased in the paraventricular nucleus of
males derived from zygotes re-capitulating the miRNA environment in the germ cells of
males exposed to chronic stress offspring (Rodgers et al., 2015). Pcolce, which encodes a
glycoprotein necessary for cleavage of precursor collagens, is decreased in the amygdala
in mice following chronic immobility stress (Jung et al., 2012). Reln, which encodes an
extracellular matrix glycoprotein critical for brain development that mediates cytoskeletal
architecture (Chai et al., 2009), is altered via DNA methylation in rats with anxiety
following exposure to prenatal stress (Palacios-García et al., 2015). Interestingly,
decreased expression of Reln in a schizophrenia mouse model is increased following
nicotine exposure, demonstrating an interaction between Reln and nicotine (Romano et
al., 2013).
The trophic factors, Igf2 and Igfbp2, were also strongly repressed in amygdala
from F1 mice whose fathers were exposed to stress. Signaling of both trophic factors is
responsive to immediate stress exposure, as they are found to be decreased in the
amygdala of mice following chronic immobilization (Jung et al., 2012). Future research
will have to determine by which mechanism decreased expression of these trophic factors
in the amygdala contributes to decreased neuronal adaptation to nicotine exposure. Of
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particular interest is the of epigenetic inheritance is Igf2 expression, which is imprinted
and expressed only from the paternal allele (DeChiara et al., 1991; Ferguson-Smith et al.,
1991).
Interestingly, leptin signaling has been tied to stress response in humans and
animals (Lu, 2007), and decreased leptin activity is found following chronic stress in
rodents (Lu et al., 2006). We found expression of the gene encoding the leptin receptor,
Lepr, down regulated in F1 male amygdala derived from F0 paternal stress exposure. In
addition, leptin mediates the release of dopamine in the mesolimbic pathway and is, thus,
capable of modifying reward and nicotine response behaviors (Fulton et al., 2006).
The second gene set highly enriched among differentially expressed genes share
the GO terms "plasma membrane" and "integral/intrinsic to the membrane". This includes
a collection of genes that are primary receptors for drugs of abuse and others that mediate
reward signaling, calcium signaling, and neural immune response. Previous stress
inheritance studies in rodents have implicated calcium-signaling genes as being altered in
the hippocampus for several generations following F0 stress exposure (SaavedraRodríguez and Feig, 2013). In addition, because inherited changes in affect and drug
response were found in offspring, mediators of cellular response to the environment and
cellular memory formation are likely to be altered as well. Therefore, we were interested
to find upregulation of calnueron 1 (Caln1) in the amygdala of F1 males whose fathers
were exposed to adolescent stress. Caln1 codes for a calcium-binding protein of the
calmodulin family and is regulated by the transcription factor cAMP response element
binding protein (CREB) (Wu et al., 2001). Because of localization within neurons and its
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functional role in intracellular calcium sensing, it is thought to mediate synaptic plasticity
(Hradsky et al., 2015). In addition, we found evidence that structural connectivity may be
directly altered in F1 male offspring via upregulation of cadherin 9 (Cdh9), which
encodes an integral membrane protein that mediates cell-cell interactions, and exhibits
altered gene expression in the amygdala immediately following stress exposure in rodents
(Hohoff et al., 2013).
Remarkably, several important players in stress and reward signaling were
differentially expressed in the amygdala of F1 male mice whose fathers were exposed to
adolescent CUS. The kappa opioid receptor (Oprk1) plays an important role in stress
response and stress-mediated drug response (Bruchas et al., 2010) via expression in the
mesolimbic pathway and the extended amygdala (Mansour et al., 1995) and was
upregulated (> 2.5-fold) in F1 male offspring of paternal stress. Chronic stress increases
kappa opioid signaling in mice (McLaughlin et al., 2006), and we found that this increase
may be transmitted to offspring of paternal stress exposure. In addition, the dopamine
receptor 2 (Drd2) gene was upregulated in F1 male mice whose fathers were exposed to
adolescent stress. Previous work has implicated stress as capable of modulating the
dopamine system through DRD2. Pubertal stress in rats increases striatal Drd2 expression
(Novak et al., 2013), and D2 receptors mediate the reinforcing properties of drugs of
abuse and are essential for behavioral locomotor sensitization to psychostimulants
(Schindler and Carmona, 2002). Interestingly, "regulator of G protein signaling 9
transcript variant 2" (Rgs9-2) was also upregulated in the amygdala of F1 male mice.
RGS9-2 stimulates GTPase activity of the G protein alpha subunit to serve as an
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important modulator of G protein mediated signaling (Dohlman and Thorner, 1997). It
heavily influences dopamine signaling through attenuation of the Drd2 receptor in the
nucleus accumbens and mediates cocaine locomotor sensitization (Rahman et al., 2003;
Cabrera-Vera et al., 2004). In addition, RGS9-2 modulates opioid signaling and deletion
of Rgs9-2 expression enhances morphine reward in mice (Zachariou et al., 2003).
Although its exact function remains unclear, Rgs9-2 is expressed in the amygdala (Gold
et al., 1997). Therefore, we not only identified differential expression of receptors
directly involved in drug abuse and reward, namely Oprk1 and Drd2, but we also found
altered expression in a gene that interacts with, and attenuates, the reinforcing properties
of both the dopamine and endogenous opioid systems.
Perhaps the most notable finding was that two genes that code for subunits of
neuronal nicotinic acetylcholine receptors were differentially regulated in the amygdala
of F1 male offspring derived from paternal stress. A striking activation ( >8 fold) was
found for the cholinergic receptor nicotinic beta 3 subunit gene (Chrnb3) while the beta 4
subunit gene (Chrnb4) was down-regulated ( >5 fold). The beta 3 subunit is found in
combination with other nicotinic acetylcholine receptor subunits, combinations of alpha 4
or 6 and beta 2, in the mesolimbic dopamine system and promotes nicotine reinforcement
and sensitization (Picciotto et al., 2000; Cui et al., 2003). The beta 4 subunit exists in
combination with the alpha 3 subunit in the amygdala and modulates amygdala output by
potentiating GABA interneuron inhibition within the basolateral amygdala (Zhu et al.,
2005). This direct modulation of firing rate mediates fear-related information processing
in the limbic system (Davis et al., 1994).
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As chronic stress is closely related to immune dysfunction, it was also of interest
that the gene encoding the T-cell surface glycoprotein CD4 was upregulated in the
amygdala of F1 males derived from fathers exposed to adolescent CUS. Chronic stress in
mice greatly increases the number of Cd4 expressing T-cells in peripheral organs (Kim et
al., 2012). However, the role of Cd4 transcription in the limbic system has not been
characterized. Microglia throughout the CNS are capable of expressing the CD4 receptor
to indicate cellular distress (Tambuyzer et al., 2009). Anxious immunosuppressed mice
given CD4+ T-cell injections show a decrease in anxiety-like behaviors (Rattazzi et al.,
2013). Therefore, if CD4 transcription and expression is a “red flag” for stress exposure,
then perhaps this mark was inherited in offspring not directly exposed to the stress.
Our expression profiling revealed dramatic changes in the activation status of over 200
genes, several of which are excellent candidates to be mediators of the significantly
altered response to nicotine that is produced by chronic stress exposure in parents and
grandparents. Future studies will need to dissect the specific contribution of these genes ,
individually and in combination, to the altered neuronal plasticity resulting from parental
stress exposures.
What molecular mechanisms could underlie this multigenerational inheritance?
Rodgers and colleagues have proposed that the miRNA environment inherited from
paternal stress exposure promotes altered and largely down regulated gene expression in
offspring (Rodgers et al., 2015). It should be noted that in our studies, the majority of
differentially expressed genes identified were down regulated compared to controls (199
out of 240). Others have suggested that DNA methylation is a means by which altered
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transcriptional level gene expression in the brain is inherited from the parent generation
(Franklin et al., 2010). The design of this study and the results support germline-mediated
transgenerational inheritance.
Studies of true mediators of epigenetic inheritance, other than imprinting, are still
in their infancy. Future studies will be aimed at identifying these mediators, which are
now becoming amenable to targeted manipulation using TALE or CRISPR-dependent
epigenetic modifiers (Gupta and Musunuru, 2014). In summary, chronic stress in
adolescence has striking effects of blunting or even eliminating behavioral sensitization
to the exposure to drugs of addiction, not only in children but in grandchildren as well.
These studies add valuable insight into stress and nicotine interactions across generations
that affect behavior, and they contribute substantially to our understanding of the
transcendence of epigenetic transmission of the parental environment.
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Figure 3.1 Schematic of experimental design. Three cohorts of F0 male and female mice were exposed to
chronic adolescent stress (CUS) and mated to produce F1 offspring. F1-Cohort 1 was tested in in the marble
burying (MB) test and elevated zero maze (EZM). F1-Cohort 2 was tested in the MB test, EZM, and acoustic
startle response (ASR) prior to FST testing or producing a second generation of mice. F1-Cohort 2 was tested
in the MB test, EZM, and ASR prior to being tested for response to nicotine or used to create a second
generation of mice. F2-Cohort 2 was tested in the MB test and ASR and F2-Cohort 3 was tested in the MB test,
ASR, and nicotine locomotor response. Animals were sacrificed following final behavioral testing.
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Figure 3.2 Paternal adolescent CUS exposure alters F1 male and female response to nicotine. A) A
main effect of time was found for male offspring response to nicotine (F2,28 = 16.82, P < 0.0001). Control
F1 male offspring (Father No Stress) increased locomotor response to nicotine on day 4 and challenge day
compared to day 1 (* P < 0.05). Male offspring of fathers exposed to stress (Father Stress) increased
locomotor response to nicotine on challenge day compared to day 1 (* P < 0.0001). Bars represent number
of beam breaks over 15 minutes following i.p. nicotine administration ± SEM (n = 8). B) A main effect of
time was found for female offspring response to nicotine (F2,28 = 4.769, P < 0.05). Paternal stress exposure
significantly increased F1 female response to nicotine on all days test (* P < 0.05). Control F1 females
increased locomotor response to nicotine on challenge day compared to day 1 (* P < 0.05). (n = 8).
Differences following two-way repeated measures analysis of variance.
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Figure 3.3 Maternal adolescent CUS exposure eliminates nicotine sensitization in F1 offspring. A) A
main effect of time was found for male offspring response to nicotine (F2,28 = 11.28, P < 0.001). Control F1
male offspring (Mother No Stress) increased locomotor response to nicotine on day 4 and challenge day
compared to day 1 (** P < 0.01). Bars represent number of beam breaks over 15 minutes following i.p.
nicotine administration ± SEM (n = 8). B) A main effect of time influenced the nicotine response in F1
females (F2,26 = 5.214, P < 0.05). Control F1 female offspring increased locomotor response to nicotine on
day 4 and challenge day compared to day 1 (* P < 0.05, n = 7-8). Differences following two-way repeated
measures analysis of variance.
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Figure 3. 4 F0 male adolescent CUS exposure alters F2 sensitization to nicotine. A) A main effect of
time influenced F2 male and female offspring response to nicotine (Male: F2,28 = 11.44, P < 0.001, Female:
F2,28 = 10.09, P < 0.0001). Control F2 male offspring (left, F0 No Stress) through the male line (F1 male)
increased locomotor response to nicotine exposure on day 4 and challenge day compared to day 1 (* P <
0.05). F2 male offspring of F0 males exposed to stress through the male line (left, F0 Stress) increased
locomotor response to nicotine on challenge day compared to day 1 (** P < 0.01). F2 female offspring
derived from F0 control males (right, F0 No Stress) and F0 males exposed to stress (right, F0 Stress)
through the male line increased locomotor response to nicotine on challenge day compared to day 1 (* P <
0.05). Bars represent number of beam breaks over 15 minutes following i.p. nicotine administration ± SEM
(n = 8). B) A main effect of time influenced F2 male response to nicotine (F2,26 = 10.42, P < 0.0001). F2
males derived from control F0 males (left, F0 No Stress) or F0 males exposed to stress (left, F0 Stress)
through the female line (F1 female) increased locomotor response to nicotine administration on day 4
nicotine compared to day 1 (* P < 0.05, n=8). Differences following two-way repeated measures analysis
of variance.
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Figure 3. 5 F0 female adolescent CUS exposure alters F2 response to nicotine. A) A main effect of time
influenced F2 male and female response to nicotine (Male: F2,28 = 8.662, P < 0.01, Female: F2,28 = 8.476, P
< 0.01). F2 male offspring of F0 stressed female mice (left, F0 Stress) through the male line (F1 male)
increased locomotor response to nicotine exposure on day 4 and challenge day compared to day 1 (* P <
0.05). F2 female offspring derived from F0 stressed females (right, F0 Stress) through the male line
increased locomotor response to nicotine on day 4 and challenge day compared to day 1 (* P < 0.05, ** P <
0.01). Bars represent number of beam breaks over 15 minutes following i.p. nicotine administration ± SEM
(n = 8). B) A main effect of time influenced F2 male and female response to nicotine (Male: F2,28 = 8.883,
P < 0.01, Female: F2,28 = 8.838, P < 0.01). F2 males derived from control F0 females (left, F0 No Stress)
and F0 females exposed to adolescent CUS (left, F0 Stress) through the female line (F1 female) increased
locomotor response to nicotine administration on challenge day compared to day 1 (* P < 0.05, ** P <
0.01). F2 female offspring of F0 stressed females (right, F0 Stress) through the female line increased
locomotor response on challenge day compared to day 1. (** P < 0.01, n = 8). Differences following twoway repeated measures analysis of variance.
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Figure 3. 6 Altered transcriptome in the amygdala in F1 male offspring derived from fathers exposed
to stress. A) Differential gene expression analysis identified 240 (41 up, 199 down) genes changed by at
least 2-fold in the amygdala of F1 male offspring whose fathers were exposed to adolescent CUS compared
to controls. Genes are represented by dots ordered in rank by expression from low to high. (log2 fold
change > 0.8, dotted lines; P < 0.05, FDR < 0.05). B) Functional annotation clustering of DEGs according
to GO annotation (DAVIDv6.7). The top two enrichment scores (ES = 4.09 and 4.05) are shown. Bars
represent GO annotation fold enrichment (white) and percent of DEGs included in the cluster (black). (P <
0.05, FDR < 0.05). C) Significantly increased and decreased expression of 16 genes found in the
extracellular matrix or plasma membrane enriched GO clusters. (P < 0.05, FDR < 0.05). Bars represent
log2 fold change in gene expression in F1 male offspring amygdala from fathers that were stressed during
adolescence. 2-fold change in expression compared to controls (dotted lines, log2 > 0.8, fold change >
1.74).
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Table 3.1 Summary of behavior of F1 offspring of fathers exposed to stress
F1 Male
Father No Stress
Father Stress
Marble Burying (MB)
Number of marbles buried ± SEM
n = 5-13
Elevated Zero Maze (EZM)
Time spent in open arm (s) ± SEM
n = 4-14
Acoustic Startle Response (ASR)
Startle amplitude (at 120 dB) ± SEM
n=8
Forced Swim Test (FST)
Time spent immobile (s) ± SEM
n = 5-12

F1 Female
Father No Stress
Father Stress

9.6 ± 0.98

9.0 ± 1.3

8.6 ± 1.1

7.3 ± 1.0

93.71 ± 9.4

87.85 ± 10.2

90.47 ± 9.9

81.38 ± 9.8

72.25 ± 11.0

78.98 ± 14.4

49.03 ± 7.9

42.20 ± 8.3

135.3 ± 20.7

173 .0 ± 17.0

105.2 ± 19.0

76.5 ± 25.4

Table 3.2 Summary of behavior of F1 offspring of mothers exposed to stress
F1 Male
Mother No Stress Mother Stress
Marble Burying (MB)
Number of marbles buried ± SEM
n = 8-18
Elevated Zero Maze (EZM)
Time spent in open arm (s) ± SEM
n = 7-17
Acoustic Startle Response (ASR)
Startle amplitude (at 120 dB) ± SEM
n = 7-8
Forced Swim Test (FST)
Time spent immobile (s) ± SEM
n = 6-18

F1 Female
Mother No Stress
Mother Stress

11.3 ± 1.2

8.4 ± 2.2

8.5 ± 1.2

7.9 ± 2.0

110.0 ± 15.0

87.75 ± 2.1

90.63 ± 12.3

88.29 ± 11.5

59.20 ± 8.25

72.55 ± 18.7

47.75 ± 12.4

93 ± 21.0 #

160.5 ± 24.3

162.1 ± 37.1

79.3 ± 32.9

114.1 ± 19.7
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Table 3.3 Summary of behavior of F2 offspring derived from F0 male stress exposure
F0 Male
F1 Male
F2 Male
No Stress
Stress
Marble Burying
(MB) n = 7 - 12

Number of marbles
buried ± SEM

9.6 ± 2.2

F2 Female
No Stress
Stress

2.9 ± 0.77 * 3.7 ± 1.0

1.7 ± 0.48 #

F1 Female
F2 Male
F2 Female
No Stress
Stress
No Stress Stress
7.6 ± 1.3

3.9 ± 1.5 #

4.2 ± 1.2 2.2 ± 0.67

F0 Male

Acoustic Startle
Response (ASR)
n = 7-13

Startle amplitude (at
120 dB) ± SEM

Marble Burying
(MB) n = 7 - 12

Number of marbles
buried ± SEM

9.6 ± 2.2

2.9 ± 0.77 * 3.7 ± 1.0

1.7 ± 0.48 #

Acoustic Startle
Response (ASR)
n = 7-13

Startle amplitude (at
120 dB) ± SEM

80.0 ± 9.8

52.4 ± 6.3 * 49.6 ± 9.6

44.1 ± 5.3 64.7 ± 10.0
F0 Female

F1 *Male
80.0 ± 9.8 52.4 ± 6.3
49.6 ± 9.6 44.1 ± 5.3
F2 Male
F2 Female
No Stress
Stress
No Stress
Stress

Female
64.7 ± 10.0 89.2 ± F1
12.9
66.9 ± 6.2 66.6 ± 7.0
F2 Male
F2 Female
No Stress
Stress
No Stress Stress
7.6 ± 1.3

F1 Male

3.9 ± 1.5 #

4.2 ± 1.2 2.2 ± 0.67

89.2 ± 12.9

66.9 ± 6.2 66.6 ± 7.0

F1 Female

Male
F2 Female
F2 Male
Table 3.4 Summary of behavior of F2F2offspring
derived
from F0 female stress
exposure
Marble Burying
(MB) n = 8 - 12

Number of marbles
buried ± SEM

Acoustic Startle Startle amplitude (at
Response (ASR) n =
120 dB) ± SEM
8-12

Marble Burying
(MB) n = 8 - 12

No Stress

Stress

No Stress

Stress

No Stress

Stress

3.3 ± 0.53

4.6 ± 1.2

1.3 ± 0.99

1.6 ± 0.56

8.1 ± 1.7

6.1 ± 2.0

F2 Female
No Stress Stress
2.8 ± 1.2 3.0 ± 0.73

F0 Female
F1 Male
Female
73.0 ± 8.6 88.4 ± 16.4
68.7 ±9.5
74.7 ± 5.1 81.2 ± 19.3 78.8 ± F1
12.4
57.4 ± 4.5 53.4 ± 5.5
F2 Male
F2 Female
F2 Male
F2 Female
No Stress
Stress
No Stress
Stress
No Stress
Stress
No Stress Stress

Number of marbles
buried ± SEM

3.3 ± 0.53

Acoustic Startle Startle amplitude (at
Response (ASR) n =
120 dB) ± SEM
8-12

73.0 ± 8.6

4.6 ± 1.2

1.3 ± 0.99

1.6 ± 0.56

8.1 ± 1.7

6.1 ± 2.0

2.8 ± 1.2 3.0 ± 0.73

88.4 ± 16.4 68.7 ±9.5

74.7 ± 5.1

81.2 ± 19.3

78.8 ± 12.4

57.4 ± 4.5 53.4 ± 5.5
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figure s3.1 Female F1 mice spend less time immobile in FST regardless of stress lineage. Parental
exposure to adolescent CUS had no effect on time spent immobile in F1 offspring. F1 female mice spent
less time immobile compared to F1 male mice regardless of (A) paternal or (B) maternal stress exposure. (n
= 5-18, * P < 0.05, ** P < 0.01). Differences following one-way analysis of variance.
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table s3.1 Differentially expressed genes in the amygdala of F1 males
log2 fold change
Gene

Transcript

(F1 male father
stress-no stress)

p-value

FDR

1

Tcf21

NM_011545

-3.309

1.50E-05

0.0060

2

4933429O19Rik

NR_033783

-3.084

1.19E-04

0.0226

3

Fap

NM_007986

-3.023

4.16E-08

0.0004

4

Fbxl13

NM_001199632

-3.019

2.27E-05

0.0073

5

Fbxl13

NM_177076

-3.019

2.27E-05

0.0073

6

Tmem184a

NM_001161548

-2.966

1.14E-04

0.0223

7

Kcnv2

NM_183179

-2.964

3.00E-04

0.0421

8

Olfr574

NM_146360

-2.945

2.85E-05

0.0087

9

Tmem184a

NM_144914

-2.915

1.37E-04

0.0245

10

Krt23

NM_033373

-2.899

2.60E-06

0.0019

11

Ccdc68

NM_201362

-2.874

2.51E-05

0.0078

12

Tcea3

NM_011542

-2.868

8.82E-08

0.0004

13

Zfp474

NM_025749

-2.849

4.43E-05

0.0120

14

1600029I14Rik

NR_028123

-2.823

3.72E-05

0.0108

15

Rrh

NM_009102

-2.817

4.97E-06

0.0027

16

2900093L17Rik

NR_040666

-2.815

4.80E-05

0.0123

17

Dmrt3

NM_177360

-2.773

3.46E-04

0.0459

18

Wdr86

NM_001081441

-2.758

2.97E-04

0.0421

19

Lgals3

NM_001145953

-2.754

1.36E-06

0.0013

20

Lgals3

NM_010705

-2.754

1.36E-06

0.0013

21

Msx1

NM_010835

-2.721

6.82E-05

0.0157

22

Msx1as

NR_027920

-2.694

8.83E-05

0.0194

23

Lmx1a

NM_033652

-2.681

2.47E-04

0.0366

24

Col6a5

NM_001167923

-2.663

2.35E-04

0.0351

25

Zscan10

NM_001033425

-2.639

9.18E-05

0.0194

26

Cox8b

NM_007751

-2.617

3.08E-04

0.0424
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27

Tmem27

NM_020626

-2.613

1.52E-05

0.0060

28

Lbp

NM_008489

-2.613

4.55E-05

0.0121

29

Anxa8

NM_013473

-2.601

1.97E-04

0.0319

30

Abca4

NM_007378

-2.600

4.50E-05

0.0120

31

Got1l1

NM_029674

-2.579

2.22E-05

0.0073

32

Capn6

NM_007603

-2.568

1.13E-04

0.0223

33

Clic6

NM_172469

-2.555

1.58E-05

0.0060

34

Col8a2

NM_199473

-2.554

1.34E-04

0.0240

35

Mlf1

NM_001039543

-2.539

1.38E-05

0.0060

36

Mlf1

NM_010801

-2.539

1.38E-05

0.0060

37

Scara5

NM_001168318

-2.525

2.26E-04

0.0348

38

Capsl

NM_029341

-2.490

5.19E-06

0.0027

39

Baiap2l1

NM_025833

-2.463

1.71E-05

0.0063

40

Slc39a4

NM_028064

-2.455

7.62E-07

0.0010

41

Lrrc67

NM_145692

-2.448

1.86E-04

0.0305

42

Trpv4

NM_022017

-2.414

1.27E-04

0.0233

43

Myot

NM_001033621

-2.408

6.34E-05

0.0153

44

Pla2g5

NM_011110

-2.406

4.03E-05

0.0112

45

Pla2g5

NM_001122954

-2.375

3.21E-05

0.0095

46

Mia1

NM_019394

-2.360

2.44E-05

0.0077

47

Tctex1d4

NM_175030

-2.346

3.84E-04

0.0485

48

Slc2a12

NM_178934

-2.331

3.57E-06

0.0023

49

Acp5

NM_001102404

-2.311

5.81E-06

0.0030

50

Zfp185

NM_001109043

-2.291

1.01E-04

0.0207

51

Zfp185

NM_009549

-2.291

1.01E-04

0.0207

52

Otx2

NM_144841

-2.290

1.59E-04

0.0275

53

Col8a1

NM_007739

-2.285

9.13E-07

0.0011

54

Dpep1

NM_007876

-2.282

2.30E-04

0.0349

55

1700003M02Rik

NM_027041

-2.274

4.72E-05

0.0122
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56

1700027A23Rik

NM_001200028

-2.267

7.62E-05

0.0171

57

Tgtp2

NM_001145164

-2.266

9.25E-05

0.0194

58

Tgtp1

NM_011579

-2.266

9.24E-05

0.0194

59

Sulf1

NM_001198566

-2.255

3.10E-06

0.0021

60

Sulf1

NM_001198565

-2.255

3.12E-06

0.0021

61

Enpp2

NM_001136077

-2.248

7.09E-06

0.0034

62

Sulf1

NM_172294

-2.247

2.52E-06

0.0019

63

Enpp2

NM_015744

-2.242

4.77E-06

0.0027

64

1700027A23Rik

NM_029604

-2.240

1.42E-04

0.0251

65

Acp5

NM_001102405

-2.239

1.16E-05

0.0053

66

Cdh3

NM_007665

-2.237

5.44E-05

0.0134

67

2210020M01Rik

NM_183259

-2.232

1.19E-04

0.0227

68

Clic3

NM_027085

-2.202

2.02E-04

0.0323

69

Cdh3

NM_001037809

-2.196

8.20E-05

0.0182

70

Acp5

NM_007388

-2.195

1.40E-05

0.0060

71

Scara5

NM_028903

-2.183

2.54E-04

0.0373

72

Rsph1

NM_025290

-2.182

4.61E-05

0.0121

73

Llgl2

NM_145438

-2.181

3.98E-04

0.0485

74

Glt28d2

NM_177130

-2.176

2.96E-04

0.0421

75

Gm70

NM_001163103

-2.144

2.00E-04

0.0321

76

Lepr

NM_001122899

-2.144

3.06E-04

0.0424

77

Dmrta2

NM_172296

-2.141

1.38E-05

0.0060

78

1700009P17Rik

NM_001081275

-2.139

1.42E-05

0.0060

79

Igfbp2

NM_008342

-2.126

7.30E-07

0.0010

80

Dsp

NM_023842

-2.126

3.67E-04

0.0477

81

Loxl4

NM_001164311

-2.111

2.66E-04

0.0383

82

Loxl4

NM_053083

-2.111

2.66E-04

0.0383

83

Ccdc11

NM_028948

-2.083

3.63E-04

0.0475

84

Rdh5

NM_134006

-2.079

3.98E-06

0.0024

89

85

Msx2

NM_013601

-2.073

1.77E-04

0.0295

86

2410004P03Rik

NM_001201332

-2.072

3.98E-04

0.0485

87

2410004P03Rik

NM_001201333

-2.072

3.98E-04

0.0485

88

Cldn1

NM_016674

-2.047

1.58E-05

0.0060

89

Dnali1

NM_175223

-2.042

3.97E-05

0.0112

90

Mdfic

NM_175088

-2.022

3.46E-07

0.0010

91

Chrnb4

NM_148944

-1.980

1.97E-04

0.0319

92

Mfrp

NM_147126

-1.977

1.14E-06

0.0012

93

C1qtnf5

NM_145613

-1.977

1.14E-06

0.0012

94

Mfrp

NM_001190314

-1.977

1.14E-06

0.0012

95

C1qtnf5

NM_001190313

-1.977

1.14E-06

0.0012

96

Zmynd12

NM_001014900

-1.976

5.27E-05

0.0132

97

Ace

NM_009598

-1.973

7.72E-08

0.0004

98

Myo5c

NM_001081322

-1.971

3.92E-04

0.0485

99

Lrriq1

NM_001163559

-1.961

4.15E-04

0.0498

100

Arhgap28

NM_172964

-1.956

6.46E-05

0.0154

101

Ak8

NM_001033874

-1.935

2.65E-04

0.0383

102

Plp2

NM_019755

-1.933

3.48E-04

0.0459

103

Col9a3

NM_009936

-1.923

1.06E-04

0.0212

104

Kif9

NM_001163569

-1.918

2.37E-06

0.0019

105

Ace

NM_207624

-1.904

5.18E-07

0.0010

106

Car12

NM_178396

-1.861

1.24E-04

0.0231

107

Igf2

NM_010514

-1.847

5.62E-08

0.0004

108

Igf2

NM_001122736

-1.844

5.13E-08

0.0004

109

Igf2

NM_001122737

-1.843

5.38E-08

0.0004

110

Slc13a4

NM_172892

-1.842

2.95E-05

0.0089

111

Galm

NM_176963

-1.842

2.34E-06

0.0019

112

Kif9

NM_010628

-1.826

1.83E-05

0.0066

113

Hemk1

NM_133984

-1.823

6.61E-06

0.0033
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114

Gpx8

NM_027127

-1.821

2.09E-06

0.0019

115

Sema3b

NM_001042779

-1.809

7.80E-06

0.0037

116

Sema3b

NM_009153

-1.796

8.99E-06

0.0042

117

1110017D15Rik

NM_001048005

-1.790

4.13E-04

0.0498

118

Pqlc3

NM_172574

-1.789

3.25E-04

0.0440

119

Pon3

NM_173006

-1.735

2.04E-05

0.0068

120

Angptl2

NM_011923

-1.732

4.78E-06

0.0027

121

Cdkn1c

NM_009876

-1.725

6.81E-07

0.0010

122

Cdkn1c

NM_001161624

-1.718

6.95E-07

0.0010

123

Pcolce

NM_008788

-1.716

3.67E-06

0.0023

124

Npr3

NM_008728

-1.683

2.05E-05

0.0068

125

Npr3

NM_001039181

-1.683

2.05E-05

0.0068

126

Stra6

NM_009291

-1.678

3.83E-04

0.0485

127

Stra6

NM_001162476

-1.677

3.97E-04

0.0485

128

Stra6

NM_001162479

-1.677

3.88E-04

0.0485

129

Stra6

NM_001162475

-1.677

3.88E-04

0.0485

130

Ltc4s

NM_008521

-1.669

5.05E-05

0.0128

131

Crb2

NM_001163566

-1.659

1.26E-04

0.0233

132

Sgms2

NM_028943

-1.644

2.60E-06

0.0019

133

Cab39l

NM_026908

-1.635

4.86E-07

0.0010

134

Fhad1

NM_177868

-1.604

2.56E-04

0.0375

135

Csrp2

NM_007792

-1.531

1.48E-05

0.0060

136

Itpripl1

NM_001163528

-1.530

6.06E-05

0.0148

137

Itpripl1

NM_001163527

-1.529

6.63E-05

0.0154

138

Ccdc113

NM_172914

-1.525

2.32E-04

0.0350

139

Ifi27l1

NM_194068

-1.489

5.39E-07

0.0010

140

Slc16a12

NM_172838

-1.482

3.84E-05

0.0110

141

Slc16a4

NM_146136

-1.479

6.61E-05

0.0154

142

Ifi27l1

NM_194069

-1.478

3.83E-07

0.0010
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143

Fam84b

NM_001162926

-1.477

8.90E-05

0.0194

144

Slc16a9

NM_025807

-1.475

3.37E-05

0.0098

145

Ifi27l1

NM_194067

-1.474

6.24E-07

0.0010

146

Ifi27l1

NM_194066

-1.467

5.56E-07

0.0010

147

Ifi27l1

NM_026790

-1.466

5.81E-07

0.0010

148

Pcolce2

NM_029620

-1.464

4.74E-06

0.0027

149

C1qtnf5

NM_001040631

-1.463

2.66E-07

0.0008

150

Slc37a2

NM_001145960

-1.463

2.06E-04

0.0326

151

C1qtnf5

NM_001040632

-1.460

2.41E-07

0.0008

152

Slc37a2

NM_020258

-1.456

2.20E-04

0.0341

153

C1qtnf5

NM_001190319

-1.449

2.55E-07

0.0008

154

Wdr96

NM_027559

-1.438

3.00E-04

0.0421

155

Slc31a1

NM_175090

-1.418

3.63E-06

0.0023

156

St6galnac2

NM_009180

-1.418

2.12E-04

0.0329

157

Bmp6

NM_007556

-1.384

2.08E-04

0.0327

158

Slc4a2

NM_009207

-1.363

1.65E-05

0.0061

159

Slc29a4

NM_146257

-1.346

5.49E-07

0.0010

160

Cd24a

NM_009846

-1.336

1.33E-04

0.0240

161

Bst2

NM_198095

-1.323

3.69E-04

0.0478

162

Ocln

NM_008756

-1.323

1.55E-05

0.0060

163

Rbp1

NM_011254

-1.314

2.41E-05

0.0077

164

Perp

NM_022032

-1.309

1.17E-04

0.0226

165

Vamp8

NM_016794

-1.293

7.09E-05

0.0162

166

Ctnnal1

NM_018761

-1.293

2.05E-05

0.0068

167

Foxj1

NM_008240

-1.281

1.82E-05

0.0066

168

Prelp

NM_054077

-1.263

5.31E-05

0.0132

169

Slc16a2

NM_009197

-1.244

1.32E-06

0.0013

170

Sfrp1

NM_013834

-1.237

4.00E-05

0.0112

171

Ankrd57

NM_172939

-1.202

1.86E-05

0.0066
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172

Sept10

NM_001024911

-1.192

2.30E-04

0.0349

173

Tnfaip8

NM_001177760

-1.171

1.31E-04

0.0239

174

Ezr

NM_009510

-1.158

2.01E-05

0.0068

175

Spag6

NM_015773

-1.148

3.84E-04

0.0485

176

Atp11c

NM_001001798

-1.125

3.12E-04

0.0427

177

Atp11c

NM_001037863

-1.123

3.37E-04

0.0449

178

Slco1c1

NM_021471

-1.103

4.89E-06

0.0027

179

Slco1c1

NM_001177772

-1.103

4.88E-06

0.0027

180

Acad8

NM_025862

-1.091

1.10E-04

0.0218

181

B4galt1

NM_022305

-1.084

3.22E-04

0.0437

182

Cgnl1

NM_026599

-1.078

1.23E-04

0.0230

183

Tnfaip8

NM_001177759

-1.057

9.05E-05

0.0194

184

Spint2

NM_011464

-1.056

1.60E-04

0.0275

185

Spint2

NM_001082548

-1.047

2.11E-04

0.0329

186

Tnfaip8

NM_134131

-1.042

1.02E-04

0.0208

187

Als2cr4

NM_001037812

-1.040

1.21E-04

0.0227

188

Als2cr4

NM_001033449

-1.035

1.50E-04

0.0262

189

Ucp2

NM_011671

-1.007

7.38E-05

0.0167

190

Tspan33

NM_146173

-0.999

3.96E-04

0.0485

191

Elovl7

NM_029001

-0.964

3.33E-04

0.0448

192

Acaa2

NM_177470

-0.939

6.51E-05

0.0154

193

Mccc1

NM_023644

-0.931

4.18E-04

0.0498

194

Tcn2

NM_015749

-0.897

1.77E-04

0.0295

195

Tcn2

NM_001130459

-0.897

1.77E-04

0.0295

196

Tcn2

NM_001130458

-0.896

1.79E-04

0.0296

197

Cdr2

NM_007672

-0.886

9.24E-05

0.0194

198

Arsg

NM_001166177

-0.882

4.16E-04

0.0498

199

Ggh

NM_010281

-0.810

3.83E-04

0.0485

200

Rab27b

NM_030554

0.878

2.05E-04

0.0326

93

201

Rab27b

NM_001082553

0.879

1.82E-04

0.0300

202

Wscd2

NM_177292

0.894

2.30E-04

0.0349

203

Caln1

NM_181045

1.039

1.05E-04

0.0212

204

Caln1

NM_021371

1.060

1.71E-04

0.0292

205

Reln

NM_011261

1.158

2.53E-04

0.0373

206

Cdh9

NM_009869

1.311

6.13E-05

0.0149

207

Oprk1

NM_001204371

1.359

1.16E-04

0.0226

208

Oprk1

NM_011011

1.359

1.18E-04

0.0226

209

Arhgap36

NM_001081123

1.419

1.32E-04

0.0239

210

Dlk1

NM_001190705

1.524

2.85E-06

0.0020

211

Dlk1

NM_010052

1.532

2.51E-06

0.0019

212

Dlk1

NM_001190703

1.533

2.46E-06

0.0019

213

Dlk1

NM_001190704

1.536

2.49E-06

0.0019

214

Dlk1

NR_033813

1.536

2.14E-06

0.0019

215

6330527O06Rik

NM_029530

1.727

4.22E-05

0.0116

216

Lingo3

NM_001013758

1.769

3.36E-04

0.0449

217

Syt6

NM_018800

1.773

1.57E-05

0.0060

218

Pde1b

NM_008800

1.812

3.60E-04

0.0472

219

Agtr2

NM_007429

1.884

4.26E-05

0.0116

220

Rasd2

NM_029182

1.917

3.21E-04

0.0437

221

A230065H16Rik

NM_001101503

2.024

1.74E-04

0.0295

222

Ghsr

NM_177330

2.117

2.35E-04

0.0351

223

Lrrc10b

NM_001111140

2.229

4.17E-04

0.0498

224

Kremen2

NM_028416

2.349

3.79E-04

0.0485

225

Accn4

NM_183022

2.411

2.98E-05

0.0089

226

Tmem90a

NM_001033334

2.482

2.76E-04

0.0395

227

Cbln2

NM_172633

2.609

5.01E-06

0.0027

228

Drd2

NM_010077

2.623

2.55E-05

0.0078

229

Rgs9

NM_001165934

2.653

1.01E-04

0.0207
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230

Pde10a

NM_011866

2.717

7.30E-05

0.0166

231

Gipc2

NM_016867

2.833

9.26E-05

0.0194

232

Gpr6

NM_199058

2.837

1.48E-04

0.0260

233

Chrnb3

NM_173212

2.941

3.08E-04

0.0424

234

Chrnb3

NM_027454

2.941

3.08E-04

0.0424

235

Gm10754

NR_033537

2.944

3.75E-04

0.0484

236

Rgs9

NM_011268

3.332

1.45E-05

0.0060

237

Cd4

NM_013488

4.006

9.67E-06

0.0045

238

Ankk1

NM_172922

4.052

4.74E-05

0.0122

239

Calca

NM_007587

4.212

1.67E-04

0.0287

240

Calca

NM_001033954

5.573

5.98E-06

0.0030
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table s3.2 Functional annotation clustering of DEGs identified in amygdala of F1 male offspring of
paternal stress
Enrichment
Score

ES = 4.09

ES = 4.05

ES = 2.04

Gene Ontology ID

Functional Description

% DEGs

Fold
Enrichment

GO:0005576

Extracellular region

15.73

1.80

GO:0044421

Extracellular region part

8.99

2.23

GO:0005615

Extracellular space

6.18

2.32

GO:0031224

Intrinsic to plasma
membrane

41.01

1.33

GO:0005886

Plasma membrane

24.16

1.60

GO:0016021

Integral to membrane

38.76

1.30

GO:0003006

Reproductive
developmental process

5.06

4.03

GO:0007548

Sex differentiation

3.37

5.45

GO:0048608

Reproductive structure
development

2.25

3.64

GO:0007155

Cell adhesion

7.30

2.74

GO:0022610

Biological adhesion

7.30

2.73

GO:0017046

Peptide hormone binding

1.69

30.71

GO:0042277

Peptide binding

3.37

4.22

GO:0042562

Hormone binding

1.69

14.08

GO:0030005

Cellular di-, tri-valent
inorganic cation
homeostasis

3.37

5.29

GO:0055066

Di-, tri-valent inorganic
cation

3.37

4.86

GO:0030003

Cellular cation
homeostasis

3.37

4.66

GO:0050801

Ion homeostasis

4.49

3.23

GO:0055080

Cation homeostasis

3.37

3.85

GO:0006873

Cellular ion homeostasis

3.93

3.17

GO:0055082

Ccellular chemical
homeostasis

3.93

3.09

GO:0048878

Chemical homeostasis

4.49

2.59

ES = 2.02

ES = 2.0

ES = 1.58
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ES = 1.39

GO:0006874

Cellular calcium ion
homeostasis

2.25

5.19

GO:0055074

Calcium ion homeostasis

2.25

4.98

GO:0006875

Cellular metal ion
homeostasis

2.25

4.73

GO:0055065

Metal ion homeostasis

2.25

4.46

GO:0019725

Cellular homeostasis

3.93

2.41

GO:0042592

Homeostatic process

5.06

1.82

GO:0008217

Regulation of blood
pressure

2.81

9.09

GO:0001976

Neurological system
process involved in
regulation of systemic
arterial blood pressure

1.69

25.32

GO:0043085

positive regulation of
catalytic activity

4.49

3.62

GO:0002027

Regulation of heart rate

1.69

22.15

GO:0045776

Negative regulation of
blood pressure

1.69

22.15

GO:0051241

Negative regulation of
multicellular organismal
process

2.81

5.91

GO:0042277

Peptide binding

3.37

4.22

GO:0007187

G-protein signaling,
coupled to cyclic
nucleotide second
messenger

2.25

7.88

GO:0008015

Blood circulation

2.81

5.32

GO:0003013

Circulatory system
process

2.81

5.32

GO:0044093

Positive regulation of
molecular function

4.49

3.09

GO:0019935

Cyclic-nucleotidemediated signaling

2.25

7.16

GO:0003073

Regulation of systemic
arterial blood pressure

1.69

12.66

1.69

7.09

GO:0008016

Regulation of heart

97

contraction
GO:0019932

Second-messengermediated signaling

2.25

4.01

GO:0007188

G-protein signaling,
coupled to cAMP
nucleotide second
messenger

1.69

6.44

GO:0044057

Regulation of system
process

2.81

2.94

GO:0045761

Regulation of adenylate
cyclase activity

1.69

5.91

GO:0019933

cAMP-mediated signaling

1.69

5.81

GO:0031279

Regulation of cyclase
activity

1.69

5.72

GO:0051339

Regulation of lyase activity

1.69

5.72

GO:0030817

Regulation of cAMP
biosynthetic process

1.69

5.45

GO:0030814

Regulation of cAMP
metabolic process

1.69

5.29

GO:0030802

Regulation of cyclic
nucleotide biosynthetic
process

1.69

5.06

GO:0030808

Regulation of nucleotide
biosynthetic process

1.69

5.06

GO:0030799

Regulation of cyclic
nucleotide metabolic
process

1.69

4.86

GO:0006140

Regulation of nucleotide
metabolic process

1.69

4.73

GO:0007242

Intracellular signaling
cascade

5.62

1.29

GO:0010627

Regulation of protein
kinase cascade

1.69

2.29

GO:0007186

G-protein coupled receptor
protein signaling pathway

5.62

0.63

GO:0006940

Regulation of smooth
muscle contraction

1.69

14.18

GO:0006937

Regulation of muscle
contraction

1.69

8.65

ES = 1.37

98

Regulation of system
process

2.81

2.94

Phosphoric diester
hydrolase activity

1.69

4.69

GO:0050900

Leukocyte migration

2.25

10.99

GO:0032101

Regulation of response to
external stimulus

2.81

5.74

GO:0050727

Regulation of inflammatory
response

2.25

8.29

GO:0016477

Cell migration

3.37

2.95

GO:0006954

Inflammatory response

2.81

2.63

GO:0009611

Response to wounding

3.37

2.04

GO:0006952

Defense response

2.81

1.32

GO:0032101

Regulation of response to
external stimulus

2.81

5.74

GO:0050727

Regulation of inflammatory
response

2.25

8.29

GO:0032103

Positive regulation of
response to external
stimulus

1.69

9.09

GO:0001817

Regulation of cytokine
production

2.25

3.40

GO:0048584

Positive regulation of
response to stimulus

1.69

1.91

GO:0044057
GO:0008081

ES = 1.34

ES = 1.30
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Abstract
Inheritance of stress, diet, and drugs of abuse has been identified in offspring. Chronic
administration of nicotine produces long-lasting behavioral and physiological changes in
humans and animals alike. However, it is unknown if nicotine exposure in one generation
influences behavior or subsequent response to nicotine in future generations. Further,
while nicotine response may be influenced by stress exposure, it is not known if nicotine
and stress interact across generations to influence offspring behavior. Therefore we
exposed F0 male mice to nicotine and F1 male and female mice to chronic adolescent
stress and characterized affective behaviors, reflexive startle, and response to nicotine
response in F2 and F3 generations. F0 nicotine exposure decreased anxiety- and
depression- like behavior exclusively in F1 male offspring. Sex- and lineage- dependent
changes in response to nicotine were found in F2 and F3 male and female offspring
derived from F0 male nicotine exposure. In addition, we found that F3 mice derived from
F0 nicotine exposure and F1 stress exposure showed altered anxiety- and startle
behaviors in addition to differential response to nicotine. Therefore, these experiments
characterized transgenerational inheritance of nicotine exposure and the combination of
nicotine and stress exposure across generations. In addition, we produced a novel
multigenerational exposure paradigm for examining the inheritance of multiple
environmental exposures across generations.
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Introduction
In the United States, there are an estimated 40 million adult (Agaku et al., 2014)
and 3.5 million youth, under 18 years of age, smokers (Arrazola et al., 2015). In addition,
the national prevalence of smokeless tobacco products continues to rise. Approximately 9
million adult (Schoenborn and Gindi, 2015) and 3 million youths (Arrazola et al., 2015)
are users of electronic e-cigarettes for daily nicotine delivery. Therefore, with
approximately 4 million births occurring each year in the United States (Hamilton et al.,
2015), a significant proportion of children will be born to individuals who are nicotine
users. Nicotine, the active ingredient in tobacco products, produces the reinforcing effects
in the brain to promote sustained drug use in individuals (Mereu et al., 1987; Damsma et
al., 1989). In addition, nicotine produces long-term behavioral and physiological changes.
Nicotine exposure decreases anxiety and depression (Picciotto et al., 2002), enhances
cognition (Heishman et al., 2010), alters metabolism (Grunberg, 1990), and influences
additional drug use (Dani et al., 2001; Levine et al., 2011). Furthermore, nicotine
exposure promotes increased nicotine use in offspring (Hill et al., 2005).
Transgenerational inheritance of environmental exposures from parent to
offspring suggests that quality of offspring life can be affected by the actions and
experiences of parents (Skinner, 2014). The use of rodent models of environmental
exposures has allowed for substantial progress to be made studying the genetic and
epigenetic inheritance of parental exposures to exogenous stimuli. For example, it has
been determined that the inheritance of parental exposure to changes in diet (Ng et al.,
2010), environmental toxins (Manikkam et al., 2013), and stress (Franklin et al., 2010)
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promotes altered behavior, physiology, and disease predisposition in future generations of
offspring. These findings have also been extended to several drugs of abuse. The effects
of parental cocaine (Vassoler et al., 2013b), morphine (Byrnes et al., 2013) ,
cannabinoids (Szutorisz et al., 2014) , and alcohol (Finegersh and Homanics, 2014)
exposure have been studied in offspring. Evidence suggests that nicotine exposure is also
subject to multi - and transgenerational inheritance. Mice exposed to nicotine in utero
produce two generations of offspring with hyperactivity (Zhu et al., 2014), altered
metabolism (Holloway et al., 2007), and a predisposition to respiratory disease (Rehan et
al., 2012). However, studies have not been conducted to determine offspring sensitivity to
nicotine following parental nicotine exposure and other domains of behavior have not
been thoroughly examined.
Nicotine use and abuse is a complex behavioral process that is influenced by
many factors. For example, the central nervous system stress signaling pathways are
involved in promoting nicotine addiction (Koob and Le Moal, 2001; Koob and Volkow,
2009b) and withdrawal from nicotine is a stressful event that precipitates relapse and
increases circulating cortisol (Benwell and Balfour, 1979; Shiffman, 1986). Further,
juvenile stress can promote increased response to nicotine in adulthood (McCormick et
al., 2004; Briand and Blendy, 2010). Therefore, stress exposure is capable of influencing
response to nicotine. In addition, there is strong evidence for the inheritance of stress
exposure from mothers and fathers to several generations of offspring (Yehuda et al.,
1998; Franklin et al., 2010; Rodgers et al., 2013; Saavedra-Rodríguez and Feig, 2013).
However, no studies have examined the interaction of nicotine and stress across
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generations of animals and the resulting influence in future generations. We sought to
determine if two behaviors that closely interact on the physiological and molecular level
would be additive in their effects on offspring behavior.
Therefore, we first used a nicotine exposure paradigm in mice to study the effects
of adolescent exposure on future generations of offspring. In addition, we tested if
nicotine and stress interact across generations to influence offspring behavior by
exposing both male and female offspring (F1 mice) to adolescent chronic unpredictable
stress (CUS) during adolescence. In this effort, we sought to elucidate the influence of a
secondary environmental exposure on generational drug exposure and its effects on
family phenotypes. Therefore, we produced three lineages to examine multi- and
transgenerational inheritance: F0 nicotine + F1 CUS, F0 nicotine exposure only and F0
placebo exposure only. This study is the first to our knowledge to explore the interaction
of nicotine and stress across generations. We found that F0 nicotine + F1 CUS exposure
altered affective behaviors and response to nicotine in F2 and F3 offspring in sex- and
lineage-dependent manners. Therefore, different environmental exposures interact across
generations to change offspring phenotype.
In addition, we tested if nicotine and stress interact across generations to influence
offspring behavior by exposing both male and female offspring (F1 mice) to adolescent
chronic unpredictable stress (CUS) also during puberty. In this effort, we sought to
elucidate the influence of a secondary environmental exposure on generational drug
exposure and its effects on family phenotypes. Therefore, we produced three lineages to
examine multi- and transgenerational inheritance: F0 nicotine + F1 CUS, F0 nicotine
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exposure only and F0 placebo exposure only. This study is the first to our knowledge to
explore the interaction of nicotine and stress across generations. We found that F0
nicotine + F1 CUS exposure altered nicotine response in F2 and F3 offspring in sex- and
lineage-dependent manners. Therefore, different environmental exposures interact across
generations to change offspring phenotype.

Materials and Methods
Animals
Male and Female C57BL/6JTac mice (6-8 weeks of age, 20-30 g) were ordered
from Taconic Farms (Hudson, NY), maintained on a 12-h light/dark cycle with food and
water ad libitum in accordance with the University of Pennsylvania Animal Care and Use
Committee (Philadelphia, PA, USA), and bred for two generations to generate offspring
used in the current study. This decreased the impact of transportation on the mice and
allowed us to isolate the effects of the drug and chronic unpredictable stress exposure in
generations of offspring.

F0 male nicotine exposure
Male mice were exposed to chronic nicotine (18 mg/kg/day; nicotine tartrate
dissolved in 0.9% saline; Sigma-Aldrich, St. Louis, MO) or saline via osmotic mini pump
( model 1002; Alzet, Cupertino, CA) for 28 days from PND28 to PND56 (4 to 8 weeks of
age). Mice were anesthetized with an isoflurane/oxygen mixture (1 - 3%), and osmotic
minipumps were inserted subcutaneously using aseptic surgery techniques. Minipumps
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were placed parallel to the spine at shoulder level with the flow moderator directed away
from the surgical incision. The wound was closed with 7-mm stainless steel wound clips
(Reflex; Cellpoint Scientific, Gaithersburg, MD). Mini pumps were removed following
28 days of exposure using aseptic surgery techniques. A secondary incision site was used
to remove the pump. Approximately 1 week following nicotine or placebo exposure mice
were placed with unexposed females for 1 week. Females were removed from cages and
a second group of unexposed females were placed with males to produce F1 offspring.
The presence of vaginal plugs was monitored daily to test for pregnancy, and males were
removed when a plug was found.

F1 adolescent chronic unpredictable stress (CUS) exposure
Male and female offspring from nicotine-exposed fathers underwent chronic
unpredictable stress (CUS) for 12 days starting at post-natal day 28 (PND28, 4 weeks of
age). The CUS paradigm was adapted from previous studies that induced anhedonia
immediately following exposure (Schmidt and Duman, 2010). The exact stressors,
duration of stressor, and sequence of exposures can be found in Chapter 2 (Table 2.1)
along with detailed descriptions. Briefly, animals were exposed to three stressors a day,
in the morning, afternoon, and overnight, for 12 consecutive days in dedicated procedure
rooms. Mice were returned to the animal colony between stressors and after the final
stressor. One week following CUS exposure on PND49 (7 weeks of age), males were
placed with non-stressed females for 1 week. Females were removed from cages and a
second group of non-stressed females were placed with males at PND56 (8 weeks of age)
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to produce F2 offspring. The presence of vaginal plugs was monitored daily to test for
pregnancy, and males were removed when a plug was found. Non-stressed males
underwent the same mating protocol. Both non-stressed and stressed females were mated
with naive males 1 week following the end of CUS exposure at PND49. Presence of
vaginal plugs was monitored daily to test for pregnancy and males were removed when a
plug was found.

Behavioral testing
All experimental testing sessions were conducted between 8:00 a.m. and 5:00
p.m. Behavior in F1, F2, and F3 offspring was assayed between PND70-84 (10 to 12
weeks of age). Three cohorts of F1 and F2 offspring and one cohort of F3 were produced
for behavioral testing (Figure 4.1). All animals were sacrificed following final behavioral
testing.

Marble Burying (MB)
Differences in anxiety between treatment groups were evaluated using the marble
burying (MB) test (Jimenez-Gomez et al., 2011). After a 1-hour period of acclimation,
mice were placed individually in a test cage that resembled their home cage (26x20x14
cm). Twenty marbles were distributed evenly in the cages in 5 rows of 4 on top of mouse
bedding (5 cm in depth) and a clear lid was placed on top of the cage. Animals were left
undisturbed for 15 minutes, after which the number of marbles buried, distinguished by
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being three-fourths or more submerged under bedding, was quantified by a trained
observer blind to experimental groups.

Elevated Zero Maze (EZM)
The elevated zero maze (EZM) was used as a second test of changes in anxiety
during adulthood. Following a 1-hour period of acclimation to the testing room, mice
were placed in the maze consisting of two open arms and two closed arms elevated 24
inches (61 cm) off the ground and left undisturbed for five minutes. Mice were video
recorded for the duration of testing, and the time spent in the open arms of the maze was
measured by a trained observer blind to experimental groups.

Acoustic Startle Response (ASR)
The reflexive response to an unexpected tone was assessed using the acoustic
startle response (ASR) (Davis, 1980). After a 1-hour period of acclimation to the testing
room, animals were placed in acoustic startle chambers (SR-Labs, San Diego, CA, USA)
for behavioral testing. The chambers consisted of a light- and sound-attenuating outer
plastic box and an inner non-restrictive plastic cylinder chamber affixed to a stage
platform. Broadband acoustic startle tones were emitted from a high frequency speaker
mounted above the mouse chamber and startle reflexes were measured by a piezo
electronics monitor mounted under the stage platform. Each testing session lasted 30
minutes. Animals were habituated to the inside of the startle chamber with a 67 decibel
sound pressure level (dB SPL) background white-noise for five minutes. After the
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habituation period, animals were presented with 10 rounds of 5 pseudo random startle
tones (50 total trials) differing in dB SPL (75, 80, 85, 90, 95, 100 105, 100, 115, and
120dB SPL). Pseuedo random inter-stimulus intervals (ISIs) were generated by the
Startle Response software (SR-Labs; San Diego, CA). ISIs consisted of 26, 28, 30, 32,
and 34 seconds. Immediately after each startle tone presentation, the startle amplitude
was measured as the average voltage emitted by the piezo electric pickup per each
millisecond for the 100 ms response window. For statistical analysis, data collected at the
75dB, 110dB, 115dB, and 120dB tones was used.

Forced Swim Test (FST)
Behavioral immobility differences between treatment groups were evaluated
using the forced swim test (FST). Mice were placed into Plexiglas cylinders filled with
water (25°C; 30-38 cm high) for 6 minutes while being video recorded. The time spent
immobile during the swim session was recorded by an observer blinded to treatment
groups. A mouse was considered immobile when making only those movements
necessary to keep its head above water.

Nicotine Locomotor Sensitization
Locomotor response to repeated nicotine administration was assayed in F1 and F2
offspring at 10 to 12 weeks of age. To evaluate locomotor activity, mice were placed in a
test cage with the same dimensions as their home cage containing a small layer of
bedding (28.9 x 17.8 x 12 cm). Each test cage was surrounded by a photobeam frame (30
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x 24 x 8 cm) with sensors arranged in an eight-beam array strip. Locomotor activity was
recorded as beam breaks and was collected over 60 minutes using an activity monitoring
system (MED Associates, St. Albans, VT). Data are reported as locomotor activity (beam
breaks) over the first 15 minutes of recording.
For two consecutive days, animals received intraperitoneal (i.p.) injections of
0.9% saline solution and were immediately placed in test cages to record baseline level of
activity (Baseline). Animals received 1 mg/kg nicotine (i.p.) daily and locomotor activity
was recorded for four consecutive days (Sensitization). We chose a low dose of nicotine
to determine the effects of chronic exposure on nicotine response. Past work has shown a
range of low nicotine doses, 0.015 mg/kg (Tapper et al., 2004) to 0.05 mg/kg (Kim and
Kim, 1999), and higher doses, 0.5 mg/kg (Itzhak and Martin, 1999), that can induce
nicotine locomotor sensitization. Two weeks following the last nicotine injection, animals
received an additional 1mg/kg (i.p.) nicotine injection and locomotor activity was
recorded (Challenge).

Statistical analysis
All data are presented as the mean ± standard error of the mean (SEM). For comparison
between two groups (e.g. F1 MB, EZM, FST), a Student’s t-test was used. For
comparisons of the effects of nicotine and stress within a generation (e.g. F2 and F3 MB,
EZM, FST) a one-way analysis of variance (ANOVA) was used. Finally, for comparisons
between multiple groups at multiple measurement points (e.g. ASR and nicotine
locomotor sensitization) a repeated measures two-way ANOVA (RM-ANOVA) was used
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determine significant differences with tone or time representing the within, repeatedmeasures independent factor and lineage the dependent variable. Statistical analyses were
performed using Graphpad Prism 7 (Graphpad Software, La Jolla, CA) with the threshold
for statistical significance set as P < 0.05, and Bonferroni multiple comparison test used
for all post hoc analysis.

Results
Male F1 offspring of fathers exposed to nicotine display decreased anxiety- and
depression-like behavior
First, to determine if paternal nicotine exposure would influence offspring
anxiety- and depression-like behavior we tested F1 offspring of placebo and nicotine
exposed males in the marble burying (MB) test, elevated zero maze (EZM), and forced
swim test (FST). Male and female F1 offspring of fathers exposed to nicotine showed no
change in number of marbles buried compared to male and female F1 offspring of father
exposed to placebo (figure s4.1A). However, a decrease in anxiety was found in F1 males
whose fathers were exposed to nicotine in that they spent more time exploring the open
arms of the elevated zero maze compared to controls (figure s4.1B). In addition, F1 male
offspring of paternal nicotine exposure were exclusively affected by F0 nicotine exposure
in the FST. Male F1 offspring of fathers exposed to nicotine spent less time immobile in
the FST compared to placebo-sired F1 male offspring (figure s4.1C).
Finally, F1 offspring were also tested for reflexive startle response to varying
decibel tones to determine if paternal nicotine exposure would affect startle reactivity. No
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change was found in F1 male or female offspring of paternal nicotine exposure compared
to placebo-sired controls in startle response to low or high decibel tones (figure s4.2).
Therefore, fathers exposed to nicotine produced male offspring with decreased anxietyand depression-like behavior.

F2 male offspring of nicotine and stress display blunted response to nicotine that is not
transmitted to F3 offspring
To determine if nicotine and stress interact across generations to influence
offspring behavior, half of the F1 offspring were exposed to adolescent chronic
unpredictable stress (CUS) and F2 offspring were generated. In addition, to test for
transgenerationl inheritance of the two exposures, F2 mice were mated with naive
partners and an F3 generation was produced.
Male F2 offspring of F1 males showed no significant changes between groups in
number of marbles buried, time spent in the open arm of the EZM, time spent immobile
in the FST, or startle response at high decibel tones (Table 4.1). However, a significant
reduction in response to nicotine was found in F2 males derived from F0 nicotine or F0
nicotine and F1 male stress exposure compared to placebo/no stress controls that
demonstrated a sensitized locomotor response to nicotine (Figure 4.2A). Furthermore, to
determine if F2 males produced offspring with the same phenotype we characterized
behavior in F3 male and female offspring. F3 male offspring decreased acoustic startle
response at a 120 dB tone, if derived from nicotine exposed great-grand fathers, but no
anxiety phenotypes were evident (Table 4.2). Of interest, locomotor response to nicotine
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was no longer blunted in F3 male offspring of F0 nicotine exposure but these mice did
not demonstrate a sensitized response to nicotine compared to F3 male offspring derived
from F2 males whose fathers were exposed to stress and grandfathers were exposed to
nicotine (Figure 4.2B, left). In addition, female siblings showed unique changes in
response to nicotine. F3 females derived from the same F2 fathers and placebo/no stress
controls did not show the expected locomotor response to nicotine over time (Figure
4.2B, right). However, F3 female offspring of F0 nicotine and F1 male stress exposure
developed locomotor sensitization to repeated nicotine. No change in marble burying or
startle response was found between F3 female offspring derived from different lineages
of F2 males (Table 4.2).

F2 female offspring of nicotine and stress display transient sensitization to nicotine not
found in F3 offspring
Female F2 offspring of F1 males showed no significant changes between groups
in number of marbles buried, time spent in the open arm of the EZM, time spent
immobile in the FST, or startle response at high decibel tones (Table 4.1). Interestingly,
the expression of nicotine sensitization was significantly decreased in F2 females derived
from F0 nicotine or F0 nicotine and F1 male stress exposure compared to placebo/no
stress controls that demonstrated a sensitized locomotor response to nicotine (Figure
4.2C). These offspring significantly increased locomotor response to nicotine on day 4 of
administration, but this response was lost by the challenge day. However, F2 females did
not transmit this phenotype to offspring. Instead, F3 male offspring had a blunted
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locomotor response to nicotine administration compared to both placebo/no stress
controls and F3 males derived from F0 nicotine and F1 stress exposure that developed
locomotor sensitization to nicotine over time (Figure 4.2D, left). Along with blunted
sensitization, F3 males also increased startle response to a 120 dB tone if their
grandfathers had been administered nicotine (Table 4.3).
Of interest, F3 female offspring also did not resemble the phenotype of their
mothers. F3 female offspring did not sensitize to the effects of nicotine over time.
However the same was found in placebo/no stress controls (Figure 4.2D, right).
Interestingly, the interaction of F0 nicotine and F1 stress created a unique phenotype in
F3 females compared to the other groups in that they developed locomotor sensitization
to nicotine. No change was found in marble burying behavior or startle response in F3
females offspring derived from F2 females (Table 4.3).
Phenotypes for F2 and F3 offspring derived from F1 female stress exposure and
F0 nicotine administration were also characterized. This data is summarized in
supplemental tables s4.1-4.3 and figure s4.3. Briefly, F2 offspring showed no changes in
affective behaviors or depression (table s4.1), while F3 animals displayed lineage specific
increases in number of marbles buried in the MB test and blunted startle response (tables
s4.2 and s4.3).In addition, F0 nicotine administration and F1 female stress exposure
blunted F2 response to nicotine and induced subtle changes in F3 offspring(figure s4.3).
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Discussion
We utilized a novel multigenerational exposure paradigm to identify the effects of
two environmental exposures on the behavior of future generations of offspring. F0 male
nicotine and F1 male chronic unpredictable stress exposure produced striking changes in
affective behaviors and response to nicotine in F2 and F3 offspring. In addition, our work
is the first to record transgenerational nicotine and stress interactions in male and female
mice.
We found pervasive transmission of phenotypes derived from multigenerational
exposures. F1 males transmitted stress exposure and F0 nicotine administration to two
generations of offspring. F2 males whose grandfathers received nicotine showed a
significantly blunted sensitization response to nicotine regardless of if their fathers also
received stress. Remarkably, this phenotype was also partially transmitted to F3 male
offspring in which F3 males whose fathers were not exposed to any insult, nicotine or
stress, did not develop locomotor sensitization to nicotine administration if their greatgrandfathers were exposed to nicotine. However nicotine and stress interacted to produce
unique F3 phenotypes. For example, if F3 male offspring’s great-grandfathers were
exposed to nicotine and grandfathers to stress then this phenotype was lost. Of interest,
the same pattern was found in F3 females.
A sex-specific effect was seen in F2 female offspring that displayed different
phenotypes than their male siblings. F2 females whose grandfathers received nicotine
developed sensitization. However, this response was not long-lasting in that by the time
testing was conducted on the challenge day, the females displayed decreased response to
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nicotine. In addition, F2 females did not transmit their phenotype to offspring. Rather, F3
male offspring whose mothers were not exposed to an insult but whose grandfathers were
exposed to nicotine showed a blunted response to nicotine and F3 females showed subtle
changes in the development of sensitization. There was an overall trend towards
decreased sensitization to nicotine in F2 and F3 offspring derived from F0 nicotine alone
or the combination of F0 nicotine and F1 stress exposure. Decreased sensitization to
repeated doses of nicotine correlates with decrease reward saliency of nicotine (Mao and
McGehee, 2010). Therefore, decreased reward value of nicotine may be arguably
adaptive for the offspring.
For assaying response to nicotine we chose a nicotine dose that we found to be
sub-threshold in its ability to increase locomotor response to repeated exposures. Varying
doses of nicotine have been used in previous nicotine locomotor sensitization studies: low
doses 0.015 mg/kg (Tapper et al., 2004) to 0.05 mg/kg (Kim and Kim, 1999) and higher
doses, 0.5 mg/kg (Itzhak and Martin, 1999). A limitation of the study is the long-time
frame over which repeated generational experiments must occur. It should be noted that
for all groups of animals that were compared, animals were tested at the same time under
the same conditions. In the cases where sensitization in control animals did not occur, we
interpret the results as a straightforward as possible; that as a group composed of a
sample size of specific animals, the average response was a lack of increased locomotor
activity on any day assayed compared to the initial day of nicotine administration.
Increased response to nicotine over consecutive days, significant increased on day 4
compared to day 1, demonstrates induction of sensitization. However, response to
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nicotine on a challenge day compared to day 1 nicotine is an expression of sensitization.
Induction of sensitization is not necessary for the expression of sensitization (DiFranza
and Wellman, 2007). Enhanced locomotor response to nicotine following chronic
administration of the drug is associated with potentiated nicotine induced dopamine
release in the nucleus accumbens (Benwell and Balfour, 1979). Psychostimulant-induced
locomotor sensitization shares this common mechanism. Therefore, behavioral
sensitization has been implicated in drug addiction and has been used to indirectly assay
the escalation of drug seeking behaviors and the reinforcement value of a drug (Robinson
and Berridge, 1993).
To date, few studies have utilized rodent models to examine the multi- and
transgenerational effects of nicotine exposure (Holloway et al., 2007; Rehan et al., 2012;
Zhu et al., 2014) although epidemiological evidence suggests the inheritance of nicotine
exposure across generations (Hillemacher et al., 2008; Mill and Petronis, 2008). In
addition, previous studies have used in utero nicotine administration paradigms to
produce F0 mice directly exposed to drug (Holloway et al., 2007; Rehan et al., 2012; Zhu
et al., 2014). However, inheritance of post-natal nicotine exposure has not been
previously explored. While nicotine crosses the placental barrier to directly affect the
developing fetus (Jordanov, 1990), in utero exposure paradigms also include maternal
response and distress (Lambers and Clark, 1996) that influences fetal development.
Therefore we chose to expose F0 male mice to nicotine via osmotic minipumps during
adolescence and produced a future generation of offspring. The use of osmotic
minipumps allowed for strict temporal control of nicotine administration and dose. In
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addition, we used a dose previously characterized in rodent models of chronic nicotine
administration that upregulates nicotinic acetylcholine receptors in the brain, a hallmark
of chronic nicotine use in humans (Benwell et al., 1988; Marks et al., 1992). Finally, we
focused on male nicotine exposure in the F0 generation. This allowed for characterization
of the effect of post-natal nicotine exposure on the first generation of offspring without
interference of rearing environment, because males were removed from the mating cage
prior to the birth of pups.
Therefore, we identified the effects of F0 male nicotine exposure alone on F1
male and female offspring behavior in addition to stress and nicotine exposure
interactions in future generations. F0 nicotine exposure decreased anxiety and
depression-like behaviors exclusively in F1 males but not females. It must be noted that
previous work by Zhu and colleagues (2014) identified a hyperactive phenotype in male
and female offspring of mice exposed to in utero nicotine (Zhu et al., 2014). Increased
locomotor activity could have influenced the anxiety and depression measurements in
this experiment. Therefore we assayed general locomotor activity in all F1 male and
female offspring of placebo and nicotine exposed fathers and found no significant
difference in general ambulation, rearing, or crossing during a 1-hour testing period (data
not shown).
Interestingly, the lineage with the least number of phenotypes was F3 animals
derived from F2 females and F1 females (Supplemental), as F0 nicotine exposure was not
as robustly transmitted through repeated female derivations. While it is currently
unknown what drives sex-specific inheritance of transgenerational phenotypes, we posit
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that differential reprogramming events of the genome during early development may
have promoted the retention of heritable marks in male offspring rather than female
offspring. Alternatively, inheritance of exposures may be mediated through different
routes and epigenetic modifications between the two sexes and therefore we see them
manifest through different behaviors that were assayed (Smallwood and Kelsey, 2012;
Kelsey and Feil, 2013). In addition, males were removed from mating partners after
confirmation of pregnancy. However, F1 mothers exposed to CUS and used to create F2
offspring were not separated from their offspring. Therefore, behavior of male and female
F2 offspring of F1 females may have been influenced by the home cage environment they
experienced during early development (Francis et al., 1999). However, behavioral
differences in F3 offspring suggests that germline exposure to F0 nicotine and F1 to
stress is capable of reprogramming the adult brain in offspring. Furthermore, the
interaction of multigenerational parental environments to influence offspring behavior
suggests that the epigenome may mediate such effects (Richards, 2006).
In this study we exposed F0 males to nicotine and F1 males and females to
adolescent stress and determined the transgenerational interaction of nicotine and stress.
Remarkably, we found that environmental exposures are subject to cross-generational
inheritance and produce unique phenotypes in offspring. In addition we identified novel
phenotypes in several generations of offspring derived from paternal nicotine exposure.
Future work to mechanistically identify and probe cellular changes that mediate the
phenotypes characterized for functional significance will greatly add to our knowledge of
transgenerational interactions and reprogramming of the offspring brain.
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Figure 4. 1 Schematic of experimental design. Three cohorts of F0 male mice were exposed to placebo or
nicotine and mated to produce F1 offspring. F1-Cohort 1 was tested in in the marble burying (MB) test and
elevated zero maze (EZM) prior to the forced swim test (FST) or producing a second generation of mice.
F1-Cohort 2 was tested in the MB test, EZM, and acoustic startle response (ASR) prior to FST testing or
producing a second generation of mice. F1-Cohort 3 was tested in ASR prior to mating. F2-Cohort 1 was
tested in the MB test, EZM, and FST. F2-Cohort 2 was tested in the MB test and EZM. F2-Cohort 3 was
tested in the ASR prior to being tested for response to nicotine or used to create a third generation of mice.
F3-Cohort 3 was tested in MB, ASR, and for response to nicotine. Animals were sacrificed following final
behavioral testing.
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Figure 4. 2 F2 and F3 nicotine response is influenced by F0 nicotine and F1 male stress exposure
A) A main effect of lineage (two-way RM-ANOVA; F2,20 = 12.12; P < 0.001) and an interaction of lineage and time
(F4,40 = 2.706; P < 0.05) influenced F2 male offspring response to nicotine. F2 male offspring of F0 placebo exposed
mice through the male line (F0 PLA/F1 NS) increased locomotor activity in response to nicotine exposure on day 4
and challenge day compared to day 1 nicotine (Bonferroni; ## P < 0.01). F2 males derived from F0 nicotine (F0
NIC/F1 NS) and F0 nicotine + F1 male CUS (F0 NIC/F1 S) significantly decreased locomotor activity compared to
control males (Bonferroni; ** P < 0.01, *** P < 0.001). Bars represent number of beam breaks over 15 minutes
following i.p. nicotine administration ± SEM. (n = 7-8).
B, left) A main effect of time was found to influence F3 male offspring response to nicotine (two-way RM-ANOVA;
F2,38 = 10.88; P < 0.001). F3 males derived from F0 placebo , F1 males, and F2 males (F0 PLA/F1 NS) increased
locomotor activity on nicotine day 4 and challenge day compared to nicotine day 1 (Bonferroni; # P < 0.05, ## P <
0.01). F3 males derived from F0 nicotine + F1 male CUS through F2 males (F0 NIC/F1 S) showed a non-significant
increase in locomotor activity on challenge day compared to nicotine day 1 (^ P = 0.08). (n = 7-8).
B, right) A main effect of time was found to influence F3 female offspring response to nicotine (two-way RMANOVA; F2,34 = 15.42; P < 0.0001). F3 female offspring of F0 nicotine exposure + F1 male CUS through the F2
male line increased locomotor activity on nicotine day 4 and challenge day compared to nicotine day 1 (## P < 0.01,
### P < 0.001) (n=6-8).
C) A main effect of time (two-way RM-ANOVA; F2,34 = 10.66; P < 0.001) and an interaction of lineage and time
(F4,34 = 4.994; P < 0.01) influenced F2 female offspring response to nicotine. F2 female offspring of F0 nicotine
exposure through the F1 male lineage (F0 NIC/F1 NS) increased locomotor activity on day 4 compared to nicotine
day 1 but decreased locomotor acitivity on challenge day compared to nicotine day 4. (Bonferroni; # P < 0.05, ## P
< 0.01). In addition, F2 female offspring of both F0 nicotine exposure and F1 male CUS (F0 NIC/F1 S) significantly
decreased locomotor activity on challenge day compared to nicotine day 4 (# P< 0.05). F2 females derived from F0
placebo exposure through F1 male (F0 PLA/F1 NS) showed a non-significant trend towards an increase in locomotor
activity on challenge day compared to nicotine day 1 (^ P = 0.08). (n=7-8).
D, left) A main effect of time was found to influence F3 male offspring response to nicotine (two-way RMANOVA; F2,38 = 8.392; P < 0.001). F3 males derived from F0 placebo exposure through the F2 female lineage (F0
PLA/F1 NS) increased locomotor activity on nicotine day 4 compared to nicotine day 1 (Bonferroni; # P < 0.05). F3
males derived from F0 nicotine + F1 male CUS (F0 NIC/F1 S) through F2 females significantly increased locomotor
activity on nicotine day 4 and challenge day compared to nicotine day 1 (Bonferroni; # P < 0.05). (n = 7-8).
D, right) A main effect of time was found to influence F3 female offspring response to nicotine (two-way RMANOVA; F2,30 = 3.684; P < 0.05). F3 female offspring of F0 nicotine exposure + F1 male CUS (F0 NIC/F1 S)
through the F2 female lineage significantly increased locomotor activity on nicotine day 4 compared to nicotine day
1 (Bonferroni; ## P < 0.01). (n=4-8).
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Table 4. 1 Summary of F2 offspring derived from F1 males anxiety, startle, and depression behavior
F0 Placebo
F0 Nicotine
F1 Male No Stress
F2 Male
Marble Burying
Number of marbles
(MB) n = 12-28
buried ± SEM
Elevated Zero Maze
Time spent in open
(EZM) n = 12-25
arm (s) ± SEM
Acoustic Startle
Startle amplitude
Response (ASR) n = 7-8
(at 120 dB) ± SEM
Time spent immobile
Forced Swim Test
(s) ± SEM
(FST) n = 12-25

F0 Nicotine
F1 Male Stress

F0 Placebo
F0 Nicotine
F1 Male No Stress
F2 Female

F0 Nicotine
F1 Male Stress

9.62 ± 0.98

7.48 ± 1.1

7.67 ± 0.94

8.56 ± 1.1

8.46 ± 0.83

7.0 ± 0.80

93.71 ± 9.5

86.37 ± 9.3

100.5 ± 14.7

90.47 ± 9.9

100.2 ± 8.3

112.1 ± 9.0

72.25 ± 11.0

96.97 ± 19.4

78.25 ± 11.9

49.03 ± 20.8

55.63 ± 12.7

65.3 ± 35.0

144.2 ± 18.8

151.2 ± 12.8

149.9 ± 21.3

105.2 ± 19.04

122.5 ± 12.8

153.2 ± 18.9

F0 Placebo
F0 Nicotine
F1 Female No Stress
F2 Male

F0 Nicotine
F1 Female Stress

F0 Placebo
F0 Nicotine
F1 Female No Stress
F2 Female

F0 Nicotine
F1 Female Stress

Table
4.Burying
2 Summary
of F3
offspring
derived from
F2 male/F1
male lineage
anxiety8.2and
startle6.32 ± 0.86
Marble
(MB)
Number
of marbles
11.33 ± 1.2
7.54 ± 0.84
8.0 ± 1.1
8.5 ± 1.2
± 0.97
n = 5-19
buried ± SEM
behavior
Elevated Zero Maze
Time spent in open
(EZM) n = 5-19
arm (s) ± SEM
Acoustic Startle
Startle amplitude (at
Response (ASR) n = 3-8
120 dB) ± SEM
Time spent immobile
Forced Swim Test
(s) ± SEM
(FST) n = 5-12
Marble Burying
Number of marbles
(MB) n = 8-10
buried ± SEM
Startle amplitude
Acoustic Startle
(at 120 dB) ± SEM
Response (ASR) n = 7-10

105.7 ± 13.0

72.46 ± 12.8

F0 Placebo
F0 Nicotine
59.2 ± 8.2
61.95 ± 12.4
F1 Male No Stress

160.5 ± 24.3

206 ± 15.2
F3 Male

9.63 ± 2.2

8.0 ± 1.5

F0 Placebo
F0 Nicotine
80.0 ± F1
9.8Male No52.43
Stress± 6.3 *

83.33 ± 6.2

104.4 ± 22.2

109.6 ± 12.4

F0 Nicotine
F0 Placebo
F0 Nicotine
86.48 ± 33.0
47.75 ± 12.4
53.13 ± 11.3
F1 Male Stress
F1 Male No Stress
F2
Male
139.3 ± 23.6
79.34 ± 32.8
118 ± 27.0
F3 Female

F0 Nicotine
59.12 ± 31.3
F1 Male Stress

6.4 ± 1.6

90.63 ± 12.3

4.13 ± 1.0

5.13 ± 0.85

F0 Nicotine
F0 Placebo
F0 Nicotine
8.2
49.64F1
± 9.6
47.6 ± 7.2
F172.96
Male±Stress
Male No Stress
F2 Male
F3 Female

F3 Male
Marble Burying
Number of marbles
9.63 ± 2.2
8.0 ± 1.5
6.4 ± 1.6
4.13 ± 1.0
5.13 ± 0.85
(MB) n = 8-10
buried ± SEM
F0 Placebo
F0 Nicotine
F0 Nicotine
F0 Placebo
F0 Nicotine
Startle amplitude
Acoustic Startle
F1 72.96
Male ±Stress
80.0F1± Male
9.8 No Stress
52.43 ± 6.3 *
8.2
49.64F1
± 9.6
47.6 ± 7.2
Male No Stress
(atof
120F3
dB) ±offspring
SEM
Table
4. (ASR)
3 Summary
derived from F2 female/F1 F2male
lineage anxiety
and
Response
n = 7-10
Female
behavior
F3 Male
F3 Female
Marble Burying
Number of marbles
6.85 ± 1.2
7.11 ± 1.3
6.17 ± 2.0
4.55 ± 1.2
4.67 ± 1.5
(MB) n = 4-13
buried ± SEM
F0 Placebo
F0 Nicotine
F0 Nicotine
F0 Placebo
F0 Nicotine
Startle amplitude
Acoustic Startle
64.74 ± F1
10.0
108.37
± Stress
8.9
66.9 F1
± 6.2
64.62 ± 8.5
F162.0
Male
Male No
Stress± 14.4 *
Male No Stress
(at 120 dB) ± SEM
Response (ASR) n = 7-13
F2 Female
F3 Male
F3 Female
Marble Burying
Number of marbles
6.85 ± 1.2
7.11 ± 1.3
6.17 ± 2.0
4.55 ± 1.2
4.67 ± 1.5
(MB) n = 4-13
buried ± SEM
F0 Placebo
F0 Nicotine
F0 Nicotine
F0 Placebo
F0 Nicotine
Startle amplitude
Acoustic Startle
64.74
10.0 No108.37
62.0 ± 8.9
66.9F1± Female
6.2
Stress
F1±Female
Stress± 14.4 * F1 Female
No 64.62
Stress± 8.5
(at 120 dB) ± SEM
Response (ASR) n = 7-13
F2 Male
F3 Male
F3 Female
Marble Burying
Number of marbles
4.64 ± 1.2
11.7 ± 1.5 *
5.33 ± 3.8
2.5 ± 0.53
8.63 ± 2.1 *
(MB) n = 3-11
buried ± SEM
F0 Placebo
F0 Nicotine
F0 Nicotine
F0 Placebo
F0 Nicotine
Startle amplitude
Acoustic Startle
F179.73
Female
Stress
Female No
Stress
72.98 F1
± 8.6
64.34
± 10.7
± 30.9
68.66F1
± Female
9.45 No Stress
51.91 ± 6.3
(at 120 dB) ± SEM
Response (ASR) n = 3-11
F2 Male
F3 Male
F3 Female
Marble Burying
Number of marbles
4.64 ± 1.2
11.7 ± 1.5 *
5.33 ± 3.8
2.5 ± 0.53
8.63 ± 2.1 *
(MB) n = 3-11
buried ± SEM
F0 Placebo
F0 Nicotine
F0 Nicotine
F0 Placebo
F0 Nicotine
Startle amplitude
Acoustic Startle
72.98
± 8.6 No Stress
64.34 ± 10.7
79.73 ± 30.9
68.66F1
± Female
9.45 No 51.91
F1 Female
Stress
F1 Female
Stress± 6.3
(at 120 dB) ± SEM
Response (ASR) n = 3-11
F2 Female
F3 Male
F3 Female
Marble Burying
Number of marbles
7.78 ± 1.6
6.83 ± 1.6
8.33 ± 1.33
4.86 ± 1.8
5.63 ± 1.5
(MB) n = 6-9
buried ± SEM
F0 Placebo
F0 Nicotine
F0 Nicotine
F0 Placebo
F0 Nicotine
Startle amplitude
Acoustic Startle
F1
Female
Stress
F1
Female
No
Stress
F1
Female
No
Stress
81.27 ± 19.3
42.32 ± 7.3 *
36.57 ± 7.9 **
57.42 ± 4.5
63.89 ± 14.2
(at 120 dB) ± SEM
Response (ASR) n = 5-12
F2 Female
F3 Male
F3 Female
Marble Burying
Number of marbles
7.78 ± 1.6
6.83 ± 1.6
8.33 ± 1.33
4.86 ± 1.8
5.63 ± 1.5
(MB) n = 6-9
buried ± SEM
Startle amplitude
Acoustic Startle
81.27 ± 19.3
42.32 ± 7.3 *
36.57 ± 7.9 **
57.42 ± 4.5
63.89 ± 14.2
(at 120 dB) ± SEM
Response (ASR) n = 5-12
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155.8 ± 23.4
4.88 ± 1.0
F0 Nicotine
± 7.5
F1 50.68
Male Stress

4.88 ± 1.0
F0 Nicotine
F150.68
Male± Stress
7.5

startle

2.0 ± 0.71
F0 Nicotine
80.6 ±Stress
9.2
F1 Male

2.0 ± 0.71
F0 Nicotine
± 9.2
F1 80.6
Female
Stress

3.0 ± 1.2
F0 Nicotine
F1 Female
Stress
60.0 ± 15.4

3.0 ± 1.2
F0 Nicotine
± 15.4
F160.0
Female
Stress

8.0 ± 1.8
F0 Nicotine
F1 Female
46.8 ± Stress
8.2

8.0 ± 1.8
46.8 ± 8.2

A
# Marbles buried over 15 min

15

10

5

0
Father:

PLA

NIC

Male

B

PLA

NIC

Female

Time spent open arm (s)

150

*
100

50

0
Father: PLA

NIC

Male

C

PLA

NIC

Female

Time spent immobile (s)

300

200

**
100

0
Father: PLA

NIC

Male

PLA

NIC

Female

figure s4. 1 Decreased anxiety- and depression-like behaviors in F1 male offspring of paternal
nicotine exposure. A) Male and female offspring of males exposed to placebo or nicotine prior to mating
showed no difference in number of marbles buried in the MB test. Bars represent number of marbles buried
± SEM (n = 5-15). B) Male offspring of nicotine exposed fathers spent more time in the open arm of the
elevated zero maze compared to placebo-sired males (* P < 0.05, n=6-13). C) F1 male offspring of F0
nicotine exposure spend less time immobile in the forced swim test compared to placebo-sired controls (**
P < 0.01, n = 5-13). Differences following student’s t-test.
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PLA/NIC

150

Father Placebo
Father Nicotine

Startle Amplitude

Startle Amplitude

150

100

50

0

75 dB

110 dB

115 dB

100

50

0

120 dB

Tone

Father Placebo
Father Nicotine

75 dB

110 dB

115 dB

120 dB

Tone

figure s4. 2 No change in ASR in male and female F1 offspring of nicotine exposed fathers. Male and
female offspring of nicotine exposed fathers showed no change in startle response to an acoustic tone
compared to placebo-sired same sex controls. As expected, a main effect of tone on startle response was
found (F1 Male: F3,72 = 76.22, P < 0.0001; F1 Female: F3,36 = 26.64, P < 0.0001). Values are plotted as
startle amplitude ± SEM (n = 6-16). Differences following two-way repeated measures analysis of
variance.
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figure s4. 3 F2 and F3 nicotine response is influenced by F0 nicotine and F1 female stress exposure
A) A main effect of time was found to influence F2 male offspring response to nicotine (two-way RMANOVA; F2,36 = 9.016; P < 0.001). F2 males derived from F0 placebo exposure through the F1 female
lineage (F0 PLA/F1 NS) increased locomotor activity on nicotine day 4 and challenge day compared to
nicotine day 1 (Bonferroni; # P < 0.05, ## P < 0.01). F2 males derived from F0 nicotine + F1 female CUS
(F0 NIC/F1 S) significantly increased locomotor activity on challenge day compared to nicotine day 1
(Bonferroni; ## P < 0.01). Bars represent number of beam breaks over 15 minutes following i.p. nicotine
administration ± SEM. (n = 6-8).
B, left) A main effect of time was found to influence F3 male offspring response to nicotine (two-way RMANOVA; F2,34 = 9.901; P < 0.001). F3 males derived from F0 placebo males and F1 females through the F2
male lineage (F0 PLA/F1 NS) increased locomotor activity on challenge day compared to nicotine day 1
(Bonferroni; # P < 0.05). F3 males derived from F0 nicotine through F1 female and F2 males (F0 NIC/F1
NS) increased locomotor activity on challenge day compared to nicotine day 1 (# P < 0.05). (n = 5-8).
B, right) A main effect of time was found to influence F3 female offspring response to nicotine (two-way
RM-ANOVA; F2,34 = 18.89; P < 0.001). F3 female offspring of F0 nicotine exposure through the F1 female
and F2 male line increased locomotor activity on nicotine day 4 and challenge day compared to nicotine
day 1 (Bonferroni; # P < 0.05, ### P < 0.001). In addition, F3 female offspring of F0 nicotine exposure +
F1 female CUS through the F2 male line increased locomotor response to nicotine on challenge day
compared to nicotine day 1 (## P < 0.01). (n=5-8).
C) No change in locomotor activity over time was found in F2 female offspring of F0 placebo or nicotine
administration derived from females with or without preconception CUS exposure. (n=3-8).
D, left) A main effect of time was found to influence F3 male offspring response to nicotine (two-way RMANOVA; F4,32 = 11.78; P < 0.001). F3 males derived from F0 placebo exposure through F1 females and the
F2 female lineage (F0 PLA/F1 NS) increased locomotor activity on challenge day compared to nicotine day
1 (Bonferroni; # P < 0.05). F3 males derived from F0 nicotine + F1 female CUS (F0 NIC/F1 S) through F2
females significantly increased locomotor activity on nicotine day 4 and challenge day compared to
nicotine day 1 (# P < 0.05, ## P < 0.01). (n = 6-8).
D, right) A main effect of time (two-way RM-ANOVA; F2,34 = 31.93; P < 0.0001) and an interaction of
time and lineage (two-way RM-ANOVA; F4,34 = 4.489; P < 0.01) influenced F3 female offspring response
to nicotine. F3 female offspring of F0 nicotine exposure or F0 nicotine + F1 female CUS (F0 NIC/F1 S)
through the F2 female lineage significantly increased locomotor activity on nicotine day 4 and challenge
day compared to nicotine day 1 (Bonferroni; ### P < 0.001, #### P < 0.0001). (n=6-8).
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F0 Placebo
F0 Nicotine
F1 Male No Stress
F2 Male

F0 Nicotine
F1 Male Stress

F0 Placebo
F0 Nicotine
F1 Male No Stress
F2 Female

F0 Nicotine
F1 Male Stress

Marble Burying
Number of marbles
9.62 ± 0.98
7.48 ± 1.1
7.67 ± 0.94
8.56 ± 1.1
8.46 ± 0.83
7.0 ± 0.80
(MB) n = 12-28
buried ± SEM
Elevated Zero Maze
Time spent in open
93.71 ± 9.5
86.37 ± 9.3
100.5 ± 14.7
90.47 ± 9.9
100.2 ± 8.3
112.1 ± 9.0
(EZM) n = 12-25
arm (s) ± SEM
Acoustic Startle
Startle amplitude
72.25 ± 11.0
96.97 ± 19.4
78.25 ± 11.9
49.03 ± 20.8
55.63 ± 12.7
65.3 ± 35.0
Response (ASR) n = 7-8
(at 120 dB) ± SEM
tableForced
s4. Swim
1 Summary
F2immobile
offspring derived from F1 female lineage anxiety, startle, and depression
Timeof
spent
Test
144.2 ± 18.8
151.2 ± 12.8
149.9 ± 21.3
105.2 ± 19.04
122.5 ± 12.8
153.2 ± 18.9
(s) ± SEM
(FST) n = 12-25
behavior

Marble Burying (MB)
n = 5-19
Elevated Zero Maze
(EZM) nBurying
= 5-19
Marble
Acoustic
(MB) n =Startle
8-10
Response
(ASR)
n = 3-8
Acoustic
Startle
Forced (ASR)
Swim nTest
Response
= 7-10
(FST) n = 5-12

Number of marbles
buried ± SEM
Time spent in open
arm (s)of± marbles
SEM
Number
Startle
amplitude
buried
± SEM (at
120 dB)
± SEM
Startle
amplitude
Time
immobile
(at spent
120 dB)
± SEM
(s) ± SEM

F0 Placebo
F0 Nicotine
F1 Female No Stress
Male
F0 Placebo
F0F2
Nicotine
Male No Stress
11.33 F1
± 1.2
7.54 ± 0.84
105.7 ± 13.0
9.63 ± 2.2
59.2 ± 8.2
80.0 ± 9.8
160.5 ± 24.3

F3 Male
72.46
± 12.8
8.0 ± 1.5
61.95 ± 12.4
52.43 ± 6.3 *
206 ± 15.2

F0 Placebo
F0 Nicotine
F1 Male No Stress
F0 Placebo
F0 Nicotine
F1 Male No Stress
F3 Male

F0 Nicotine
F0 Placebo
F0 Nicotine
F1 Female Stress
F1 Female No Stress
F2 Nicotine
Female
F0 Nicotine
F0 Placebo
F0
F1 8.0
Male
Stress
Male No Stress
± 1.1
8.5 ±F1
1.2
8.2 ± 0.97
F2 Male
F3 Female
83.33 ± 6.2
90.63 ± 12.3
104.4
± 22.2
6.4 ± 1.6
86.48 ± 33.0
72.96 ± 8.2
139.3 ± 23.6

4.13 ± 1.0
47.75 ± 12.4
49.64 ± 9.6
79.34 ± 32.8

5.13 ± 0.85
53.13 ± 11.3
47.6 ± 7.2
118 ± 27.0

F0 Nicotine
F0 Placebo
F0 Nicotine
F1 Male Stress
F1 Male No Stress
F0 Nicotine F2 MaleF0 Placebo
F0 Nicotine
F1 Male Stress
F1 Male No Stress
F3 Female
F2 Female
6.4 ± 1.6
4.13 ± 1.0
5.13
± 0.85
F3 Female

Marble Burying
Number of marbles
9.63 ± 2.2
8.0
± 1.5
F3 Male
(MB) n = 8-10
buried ± SEM
Marble Burying
Number
of marbles
Startle amplitude
Acoustic
Startle
6.85
7.11 ± 1.3
6.17 ±±2.0
4.55 ±±1.2
4.67
80.0 ± 1.2
9.8
52.43
6.3 *
72.96
8.2
49.64
9.6
47.6±±1.5
7.2
(MB)(ASR)
n = 4-13
± SEM
(atburied
120 dB)
± SEM
Response
n = 7-10
Startle amplitude
Acoustic Startle
64.74 ± 10.0
108.37 ± 14.4 *
62.0 ± 8.9
66.9 ± 6.2
64.62 ± 8.5
(atof
120F3
dB) ±offspring
SEM
Response
n = 7-13
table
s4. (ASR)
2 Summary
derived from F2 male/F1 female lineage anxiety and

behavior

Marble Burying
(MB) n = 4-13
Marble Burying
Acoustic
Startle
(MB)(ASR)
n = 3-11
Response
n = 7-13
Acoustic Startle
Response (ASR) n = 3-11

F0 Placebo
F0 Nicotine
F1 Male No Stress
F0 Placebo
F0 Nicotine
F1 Female No Stress
F3 Male
Number of marbles
buried ± SEM
Number
of marbles
Startle amplitude
± SEM
(atburied
120 dB)
± SEM
Startle amplitude
(at 120 dB) ± SEM

F0 Nicotine
F0 Placebo
F0 Nicotine
F1 Male Stress
F1 Male No Stress
F0 NicotineF2 FemaleF0 Placebo
F0 Nicotine
F1 Female Stress
F1 Female No Stress
F3 Female
F2 Male
6.17 ± 2.0
4.55 ± 1.2
4.67
± 1.5
F3
Female

F0 Nicotine
F1 Male Stress
F0 Nicotine
F1 Male Stress
4.88 ± 1.0

2.0 ± 0.71
50.68
± 7.5
80.6 ± 9.2

startle

F0 Nicotine
F1 Male Stress
F0 Nicotine
F1 Female Stress

7.11
± 1.3
F3 Male

4.64 ± 1.2
64.74
10.0

11.7 ±±1.5
**
108.37
14.4

5.33
62.0 ±± 3.8
8.9

2.5
66.9± ±0.53
6.2

8.63
± 2.1
*
64.62
± 8.5

3.0 ±±1.2
80.6
9.2

72.98 ± 8.6

64.34 ± 10.7

79.73 ± 30.9

68.66 ± 9.45

51.91 ± 6.3

60.0 ± 15.4

F0 Nicotine
F0 Placebo
F0 Nicotine
F1 Female Stress
F1 Female No Stress
F0 Nicotine F2 MaleF0 Placebo
F0 Nicotine
F1 Female Stress
F1 Female No Stress
F3 Female
F2 Female
5.33 ± 3.8
2.5 ± 0.53
8.63
± 2.1 *
F3 Female

Marble Burying
Number of marbles
4.64 ± 1.2
11.7
1.5 *
F3 ±Male
(MB) n = 3-11
buried ± SEM
Marble
Burying
Number
of marbles
Startle
amplitude
Startle
tableAcoustic
s4.
3
Summary
of
F3
offspring
derived
from
female
lineage
7.78
±
1.6
6.83
±
1.6
8.33 ±±1.33
4.86
± 1.8
72.98 ± 8.6
64.34 ±F2
10.7 female/F1
79.73
30.9
68.66
9.45
(MB)(ASR)
n = 6-9
± SEM
(atburied
120 dB)
± SEM
Response
n = 3-11
behavior
Startle amplitude
Acoustic Startle
81.27 ± 19.3
42.32 ± 7.3 *
36.57 ± 7.9 **
57.42 ± 4.5
(at 120 dB) ± SEM
Response (ASR) n = 5-12
F0 Placebo
F0 Nicotine
F1 Female No Stress
F3 Male
Number of marbles
buried ± SEM
Startle amplitude
(at 120 dB) ± SEM

109.6 ± 12.4
4.88 ± 1.0
59.12 ± 31.3
50.68 ± 7.5
155.8 ± 23.4

6.85 ± 1.2

F0 Placebo
F0 Nicotine
F1 Female No Stress
F0 Placebo
F0 Nicotine
F1 Female No Stress
F3 Male

Marble Burying
(MB) n = 6-9
Acoustic Startle
Response (ASR) n = 5-12

F0 Nicotine
F1 Female Stress
F0 Nicotine
F16.32
Male
Stress
± 0.86

2.0 ± 0.71

F0 Nicotine
F1 Female Stress
F0 Nicotine
F1 Female Stress
3.0 ± 1.2

anxiety
and startle
5.63 ±±1.5
8.0 ±±1.8
51.91
6.3
60.0
15.4
63.89 ± 14.2

F0 Nicotine
F0 Placebo
F0 Nicotine
F1 Female Stress
F1 Female No Stress
F2 Female
F3 Female

46.8 ± 8.2
F0 Nicotine
F1 Female Stress

7.78 ± 1.6

6.83 ± 1.6

8.33 ± 1.33

4.86 ± 1.8

5.63 ± 1.5

8.0 ± 1.8

81.27 ± 19.3

42.32 ± 7.3 *

36.57 ± 7.9 **

57.42 ± 4.5

63.89 ± 14.2

46.8 ± 8.2
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CHAPTER 5
GENERAL DISCUSSION

It is not the strongest of species that survives, nor the most intelligent, but the one most
responsive to change. - Attributed to Charles Darwin (1809-1882)

Transgenerational inheritance allows for the environmental experience of one
generation to be transmitted to subsequent generations. Evidence of offspring inheritance
of parental exposure in humans is documented for drugs of abuse (Cnattingius, 2004),
intense and prolonged stressors (Yehuda et al., 2014), changes in diet (Heijmans et al.,
2008; Fumagalli et al., 2015), and environmental toxins (Hopenhayn et al., 2003; Guan et
al., 2012). While nature (genetic transmission) and nurture (environment) contribute to
human and animal phenotypes (both physical and behavioral assets as well as disease
progression) (Lake and Pridmore, 2014), discovery of the epigenome and epigenetic
transmission from one generation to the next is an exciting third factor that serves as the
intersection between genes and the environment (Richards, 2006). In addition, while
nature and nurture have been implicated in familial inheritance of psychiatric disorders
and drug abuse (Nielsen et al., 2012; Lake and Pridmore, 2014), they do not account
completely for familial occurrence of disease states. Many neuropsychiatric disorders,
including depression (Dempster et al., 2011), stress responsivity and anxiety (Hunter and
McEwen, 2013), post traumatic stress disorder (Rampp et al., 2014), personality disorder
(Perroud et al., 2013) and drug addiction (Nielsen et al., 2008; Starkman et al., 2012) are
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associated with epigenetic modifications. These epigenetic components can be modified
in the germline by parental exposure to the environment and subsequently inherited by
offspring. Germline mediated reprogramming of gene expression in the adult brain
produces functional changes in offspring physiology and behavior (Rodgers et al., 2015).
The use of rodent models has allowed for striking advancement in our
understanding of transgenerational inheritance. Rodent models are biological replicates
with strictly controlled external environments that allow for control of many confounding
variables present in clinical populations (Heard and Martienssen, 2014). Therefore, the
influence of the epigenome on phenotype can be isolated and studied without interference
of genetic inheritance or the environment (Marsit, 2015). Laboratory manipulations and
identification of animal phenotypes can be correlated with molecular characterization of
the brain tissue directly involved in behavior, a process that is only possible in human
subjects post-mortem. Much of the clinical research on epigenetic mechanisms of
inheritance in humans uses cellular populations (i.e. peripheral blood cells) that are
readily available through minimally invasive procedures. However, cellular heterogeneity
discountsthe functional relevance of such measures (Verma et al., 2014; Marsit, 2015),
and the epigenetic marks found in blood cells may not reflect epigenetic modifications in
the brain. Instead, epimutations, or modifications to the DNA causing aberrant chromatin
states, may be reflected in an organ and tissue specific manner. Further, this is also
complicated by the dynamic nature of epigenetic marks (Baker-Andresen et al., 2013).
Indeed, developmental biologist Conrad Waddington (1905-1975) first described the
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function of epigenetics as directing cellular differentiation and tissue patterning in
embryogenesis (Speybroeck, 2006).
The purpose of this dissertation was to study the transgenerational inheritance of
stress and nicotine exposure, both as single exposures and as an exposure interaction
using a rodent model. Chronic unpredictable stressors and nicotine, delivered with
osmotic mini pumps, were administered to mice during critical windows of gamete
development. A variety of animal behavior assays were used to phenotype response to
nicotine as well as startle and anxiety- and depression-like behaviors in future generations
of mice. In addition, we determined lineage dependent changes to the transcriptome using
RNA sequencing. Here, I first review novel findings produced from this body of work
and their context within the current state of science. Then, I discuss the implications of
transgenerational inheritance, beginning with an exploration into the mechanisms that
mediate the phenomenon, and then commenting on the adaptive advantage of acrossgeneration inheritance in the context of Darwin’s Theory of Evolution and natural
selection.

Implications of current work
A particularly salient environmental exposure in both human and animal populations is
the experience of stress. Chronic stress promotes maladaptive responses and disease
states in the individual exposed to stress (McEwen and Stellar, 1993) as well as altered
physiology and behavior in several generations of offspring in both humans and animals
(Yehuda et al., 1998, 2014; Franklin et al., 2010; Saavedra-Rodríguez and Feig, 2013). In
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previous rodent research, stressors took place for extended periods of time and spanned
developmental windows, i.e. 7 weeks of reorganized social hierarchy and chronic
variable stress (Rodgers et al., 2013; Saavedra-Rodríguez and Feig, 2013), beginning at
the onset of puberty. A recent study in rodents showed that inheritance of a fearful
experience through the paternal line occurred after a very brief exposure, only 3 days,
during adulthood (Dias and Ressler, 2014). However, to date, few studies have examined
the impact of the same stressor in adolescents and adults, nor have they followed
inheritance across multiple generations.
We used a chronic unpredictable stress (CUS) during an early developmental time
window and explored its effect on the behavior of future generations of offspring. By
including both males and females, we considered sex as a relevant biological variable that
could affect stress exposure inheritance (Clayton, 2016). Epidemiological evidence
suggests that puberty is a vulnerable window for germline modification by the
environment (Kaati et al., 2007; Pembrey, 2010). Therefore, we exposed mice in
adolescence, a period of time when animals are also vulnerable to the effects of
environmental exposure (Biro and Deardorff, 2013). Moreover, adolescent CUS exposure
has not been fully characterized for its long-term effects in the exposed population of
mice. Therefore, we first sought to characterize the long-term effects of CUS on male and
female mice that experienced the stressor during adolescence.
The work in Chapter 2 identified the long-term effects of adolescent CUS
exposure as compared to adult CUS exposure. We found that adolescence is a critical
window for the effects of CUS on adult anxiety behavior as well as sex-dependent startle
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reactivity because the same stress exposure in adults did not alter these behaviors. Of
interest, we found CUS induced a depression-like phenotype regardless of when the
stress was given (i.e. during adolescence or adulthood). Depression-like phenotypes are
commonly associated with early in life stress (Schmidt et al., 2010; Hill et al., 2012), but
the stress paradigm reported here dissociates adult anxiety from depression when
experienced during adolescence.
The extra-hypothalamic stress pathway mediates anxiety (Jankord and Herman,
2008). We found dysregulation of corticotropin releasing factor receptor 2 (CrfR2) in the
amygdala of males exposed to adolescent CUS. This work suggests that long-term effects
of adolescent stress on anxiety may be mediated through this receptor. This novel finding
suggests a potential therapeutic target for adult anxiety due to early life stress. However,
future work is necessary to characterize the efficacy of CRFR2 antagonists in alleviating
the enhanced anxiety and altered startle reactivity in adult animals exposed to adolescent
CUS.
In Chapter 3, male and female mice were exposed to adolescent CUS and mated
to produce F1 offspring. Previous studies focused on the inheritance of parental stress
exposure and its influence on physiology and behavior, including anxiety, depression,
anhedonia, and reactivity of the hypothalamic-pituitary-adrenal axis (Weaver et al., 2004;
Franklin et al., 2010; Leshem and Schulkin, 2012; Rodgers et al., 2013; SaavedraRodríguez and Feig, 2013; Gapp et al., 2014a). Indeed, others have characterized
increased anxiety and depression-like behaviors in mice derived from paternal or
maternal chronic social instability (Saavedra-Rodríguez and Feig, 2013) or maternal
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separation and unpredictable stress exposure (Franklin et al., 2010; Gapp et al., 2014a).
However, we found that adolescent CUS in the F0 generation did not produce a
significant change in anxiety, depression, or startle behaviors in F1 offspring. Similarly,
Rodgers and colleagues (2013) found no change in anxiety, startle, or coping behaviors in
F1 male and female offspring after 7 week chronic variable stress (Rodgers et al., 2013).
Therefore, offspring phenotypes are likely a function of the type of stress exposure
experienced by parents. Indeed, stress experiences are not alike and instead produce
differential responses in animals based on several factors that include gender, hormonal
state, stressor controllability, genetic polymorphisms, previous life experiences, and
behavior assayed (Joëls and Baram, 2009). While it is impossible to know which stress
exposure most readily mimics human experience, additional information on the variety of
outcomes of parental stress exposure on offspring behavior adds substantially to the
current understanding of stress induced familial inheritance and disease states.
Epidemiological data suggests that parental exposures can alter a variety of
phenotypes in offspring. For example, rodent exposure to bisphenol-A, a plastic-derived
endocrine disruptor, produces obesity in offspring (Manikkam et al., 2013). In Chapter 3,
we provided novel evidence that adolescent stress exposure in parents affects offspring
response to nicotine. To our knowledge, similar studies have not been conducted. While
some work has characterized intragenerational interactions of stress and nicotine
exposure (McCormick et al., 2004), this is the first to examine across-generation
interactions. In addition, we extended our studies to determine transgenerational changes
(i.e. grand-offspring) in response to nicotine derived from F0 stress exposure. We found
134

both increases and decreases in nicotine locomotor sensitization in F2 offspring of F0
stress exposure, depending on sex and lineage. These findings have important clinical
implications. Stress mediates response to nicotine in future generations of offspring in
mice. Thus, in humans, nicotine use may also be influenced by stressful experiences
within a person's lineage.
Nicotine use has been causally related to the inheritance of genetic information
from parents, in the form of either functional gene mutations or single nucleotide
polymorphisms (Lerman and Berrettini, 2003). In addition, we argue that
transgenerational inheritance and its effect on nicotine use in offspring is a mechanism
involving the epigenetic landscape created by parental stress exposure and transmitted to
future generations. In essence, stress writes the story upon the genome that is read to
future generations of offspring (a nod to the complex protein writers and readers that play
an integral role in this process). In addition, we hypothesize that these findings can be
extended to other drugs of abuse. Because nicotine’s primary reward action is through
enhanced dopaminergic signaling in the nucleus accumbens to mediate long-lasting
increase in reward sensitivity (Kenny and Markou, 2005), response to drugs of abuse that
work through the same mechanism may also be altered by parental stress inheritance.
Future work should extend to other drugs of abuse and even highly palatable foods, both
of which are capable of hijacking the natural reward network to promote reward seeking
and addictive behaviors. This would further suggest that stress is capable of remodeling
reward signaling directly but also across generations.
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The interaction of parental stress and offspring response to nicotine led to an
intriguing question: Do nicotine and stress exposures interact across generations to
influence behavior in offspring never exposed to either challenge? Ample evidence
supports the inheritance of stress (Bowers and Yehuda, 2016; Klengel et al., 2016) as
well as the influence of stress on drug experience and addiction (Koob and Le Moal,
2001; Briand and Blendy, 2010). However, the impact of nicotine exposure across
generations has not been as well explored. In order to determine the cross-generation
interaction of nicotine and stress, we first had to characterize the effects of nicotine alone
on offspring behavior.
Therefore in Chapter 4, we exposed male F0 mice to nicotine and examined its
effect on affective behaviors and response to nicotine in F1, F2, and F3 animals. Nicotine
was administered to males via osmotic mini pump for 4 weeks prior to mating. This is the
first record of paternal adolescent exposure, as previous work has exclusively used in
utero nicotine exposures (Zhu et al., 2014). We characterized generation, sex, and
lineage-dependent changes in anxiety and depression-like behavior, startle reactivity, and
locomotor sensitivity to repeated nicotine administration. Our work identified a novel
phenotype that was not previously explored in studies of the inheritance of nicotine use
and exposure. In addition, we found transgenerational phenotypes in the F3 generation of
animals, the furthest removed generation to be examined to date in a rodent model for
familial nicotine inheritance.
Once the effect of F0 nicotine exposure on several generations of offspring
behavior was identified, we added an additional environmental exposure to the F1
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generation to determine if there were multigenerational and transgenerational interactions
of F0 nicotine and F1 stress exposure. This is the first example of a novel two-generation
exposure paradigm in which F0 males were administered nicotine and F1 males and
females were exposed to stress and we found unique phenotypes in F2 and F3 offspring.
Interestingly, the most common interactions were that 1) F0 nicotine exposure occluded
the behavioral effects of F1 stress exposure and 2) F1 stress opposed the effects of F0
nicotine exposure. Occlusion was expected as concurrent nicotine administration
alongside chronic unpredictable mild stress exposure in mice alleviates stress-induced
depression- and anxiety-like behaviors (Biala et al., 2016). In addition, increased
sensitivity to nicotine in F2 and F3 mice derived from F1 stress mirrors the effects of
stress alone on offspring response to nicotine. Specifically, in Chapter 3 we demonstrated
stress-mediated increases in sensitivity to nicotine.
A closer examination of the complex family trees derived from Chapters 3 and 4
provides phenotypic evidence for the importance of the male germline in
transgenerational inheritance. Specifically, exposures derived through males were more
stably transmitted. F2 males showed blunted startle responses and anxiety, but only if
they were derived from F1 males whose fathers were exposed to adolescent CUS.
Anxiety and startle phenotypes were not altered in the lineages that depended upon
female transmission of the exposure. In addition, F2 response to nicotine following F0
stress exposure was more significantly altered compared to controls in the lineages
derived from male mice only. In addition, we found similar patterns in the experiments
discussed in Chapter 4. Transmission of nicotine and stress interactions produced
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offspring phenotypes exclusively in the lineages derived from paternal transmission of
the exposure. Anxiety and depression was affected only in F1 males derived from
paternal nicotine exposure.
Previous research has highlighted transmission through the sperm as mediating
changes in offspring physiology and behavior following direct paternal exposure to an
environmental stimulus (Carone et al., 2010; Dietz et al., 2011; Vassoler et al., 2013b).
From the onset of puberty, sperm are constantly produced over a male’s lifetime. By
contrast, mature oocytes are predominantly developed by birth. Further, if primordial
germ cells are constantly dividing into spermatocytes to divide into spermatids that
develop into mature spermatozoa, then populations of mature sperm are temporally
separated by the environment in which they develop. If the heritable epigenome is
sensitive to the effects of a changing environment, then perhaps the inherent turn over of
the male mature germline best mediates environmental-induced changes for offspring
inheritance. The differential-allocation hypothesis suggests that maternal investment
quality will differ based upon both male-female interaction and female perception of
phenotypic quality in the male mating partner (Burley, 1988). Therefore, female mate
selection may also be a product of selection for sperm environment, and the differentialallocation hypothesis can be extended to the selection of sperm based on epigenome
inheritance. Although we provide evidence of maternal derived transmission of stress and
nicotine inheritance, oocyte modification via epimutations following environmental
exposures is not as well-studied (Pacchierotti and Spanò, 2015).
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In Chapter 3, we used RNA sequencing (RNA-Seq) to mechanistically ascertain
the state of the transcriptome in the amygdala of F1 male offspring of paternal stress
compared to male F1 offspring derived from placebo-exposed fathers. RNA-Seq allows
for unbiased survey of the entire transcriptome in a high-throughput and quantitative
manner (Wang et al., 2009). In addition, it is a highly accurate technique for quantifying
expression levels validated using quantitative real-time polymerase chain reaction
(Nagalakshmi et al., 2008). We reported differential expression of 240 genes in the male
offspring derived from paternal stress, with the greatest functional enrichment found in
genes classified as extracellular matrix and plasma membrane clusters (GO functional
clustering via Davidv6.7). Differentially expressed genes included genes involved in
cellular structure, such as collagen genes that have also been implicated in other studies
of paternal stress inheritance (Rodgers et al., 2015). In addition, we identified novel
genes that have not been previously implicated, adding substantially to targets for future
research in the field. Our results provide evidence that the differential transcriptomes and
resultant gene expression produced distinct molecular phenotypes in the male offspring
of paternal stress exposure. Although not explored here, the modified cellular phenotype
in the brain is likely mediated through epigenetic mechanisms maintained from the
germline of stress-exposed parents (Marsit, 2015).

139

From parental germline to offspring brain: epigenetic reprogramming of the adult
offspring brain
The body of evidence on transgenerational inheritance and the addition of our
work in Chapters 2 and 3 supports the hypothesis that the adult brain of offspring is
reprogrammed in the event of parental stress or nicotine exposure through the epigenome.
Therefore, the epigenome serves as an important biological mediator capable of
integrating the parental environment into the genome of future generations. In the
following section, I discuss evidence suggesting that the epigenome mediates
transgenerational inheritance of nicotine and stress exposure. For the epigenome to truly
act as a biological component, the following conditions must be met: 1) It must be
responsive to the environment, 2) It must persist across time and cell division, and 3) It is
capable of modulating phenotype. An examination of the current work on epigenetics as
well as transgenerational inheritance suggests that the epigenome meets these
requirements.
First, the epigenome is sensitive to and capable of responding to an animal’s
changing surroundings. The epigenome is sensitive to exposure to drugs of abuse (Yohn
et al., 2015), toxins (Baccarelli and Bollati, 2009), and high-fat diets (Milagro et al.,
2009). In addition, nicotine and stress exposure are capable of changing epigenetic
patterning. Changes in DNA methylation (Blaze and Roth, 2015), histone modifications
(Hunter et al., 2009; Hinwood et al., 2011; McEwen et al., 2015), and microRNA
(miRNA) signaling (Volk et al., 2014) have been found in the brains of animals exposed
to chronic stress. Nicotine-induced changes in the epigenome of somatic cells have been
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identified in humans and animals, including changes in DNA methylation (Hillemacher et
al., 2008; Philibert et al., 2008; Satta et al., 2008), post-translational histone
modifications (Levine et al., 2011; Chase and Sharma, 2013), and miRNA content
(Huang and Li, 2009; Ng et al., 2013; Takahashi et al., 2013). In mice, methylation
patterning is altered in sperm following chronic stress or nicotine administration
(Franklin et al., 2010; Dai et al., 2016). In addition miRNAs are altered in sperm
following exposure to environmental challenges. Six week chronic variable stress
significantly altered the miRNA milieu of sperm in mice (Rodgers et al., 2013) and sperm
collected from smokers showed differential expression of miRNAs compared to nonsmokers, with significant enrichment for miRNAs capable of mediating additional
epigenetic modifications to the genome (Marczylo et al., 2012). Female mice exposed to
chronic restraint stress show significantly remodeled oocyte chromatin through altered
methylation and changes in histone modifications (Wu et al., 2015). Although not as well
explored, nicotine can alter chromatin stability and segregation during meiosis in oocytes
(Mailhes et al., 2000). Taken together, these studies indicate that germline epigenome
modification following stress or nicotine exposure is not only a possibility but is evident
across multiple systems. Furthermore, this suggests a homologous system by which
transgenerational inheritance may occur in both humans and model organisms.
Second, epigenetic modifications following parental exposure to stress or nicotine
are stable across time and cell division. The epigenome has been characterized as highly
plastic and reactive to the environment, as discussed above, but also heritable to daughter
cells and across generations. Remarkably, similar methylation patterning found in mature
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sperm from males exposed to maternal separation and unpredictable stress was found in
the cortex of F2 female offspring (Franklin et al., 2010; Dai et al., 2016). Therefore,
epigenetic marks transcend cell types after several rounds of division during early
embryogenesis. In addition, similar methylation patterns have been found in the
lymphocytes of smokers and their offspring (Hillemacher et al., 2008). However,
transcendent epigenetic marks that span cell types are a phenomenon that is not wellunderstood. DNA methylation in the germline undergoes two reprogramming events in
the developing embryo, both of which are composed of complete erasure of the
methylome followed by re-established methylation patterning (Smallwood and Kelsey,
2012). If methylation marks are retained, however, from fertilization to the pluripotent
zygote and through reprogramming and cellular division, then universal propagation
could create a common molecular signature that serves as a biomarker (Jenkins and
Carrell, 2012; Rodgers and Bale, 2015). Although targeted changes to the epigenome
have been found in offspring, they may represent a global collection of histone
modifications across cell types, which mediate intricate changes in physiology and
behavior in a cellular and tissue-specific manner. It is more likely that inheritance of a
broad change in cellular epigenotype promotes cellular cascades that lead to differential
gene expression and, ultimately, phenotypes in offspring (Radford et al., 2014). Of
interest, the transfer of miRNAs isolated from the sperm of stress-exposed fathers (Gapp
et al., 2014a) or a synthetic collection of miRNAs mimicking those altered in the
germline of stress-exposed males (Rodgers et al., 2015) can be used to fertilize oocytes
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and recapitulate the behavioral and physiological phenotypes found in offspring derived
directly from stress exposed fathers.
Cumulative epi-modifications are derived from the germline to promote sustained
changes in chromatin structure. Therefore, germline-derived reprogramming of the adult
brain produces changes in DNA expression. In Chapter 3, we used transcriptome analysis
to identify changes in gene expression in the brains of F1 offspring of paternal stress
exposure. Modifications to the epigenome are capable of directing gene expression
through chromatin remodeling, recruitment of enhancer or repressor complexes to the
DNA, and even serving as physical barriers for the initiation of transcription
(Sadakierska-Chudy and Filip, 2015; Sadakierska-Chudy et al., 2015). Remarkably, first,
second, and even third generation offspring show parental experience-derived changes in
gene expression. For example, increased expression of calcium signaling genes was
found in the hippocampus in three generations of offspring derived from chronic social
instability exposure (Saavedra-Rodríguez and Feig, 2013). In addition, decreased mRNA
expression of methyl CpG-binding protein (MeCp2), cannabinoid receptor type 1 (Cb1),
and CrfR2 was found in the cortex of female offspring of males exposed to maternal
separation and unpredictable stress (Franklin et al., 2010). Following paternal exposure to
chronic variable stress for 6 weeks, F1 offspring had differential transcriptional
regulation of genes that interact with the glucocorticoid receptor (GR), cAMP response
element binding protein (CREB), and a collection of miRNAs in the paraventricular
nucleus of the hypothalamus and the bed of the nucleus stria terminals (Rodgers et al.,
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2013). In addition, paternal nicotine exposure decreased cortical dopamine signaling in
three generations of offspring (Zhu et al., 2014).
Third, epigenetic modifications are capable of mediating phenotype, specifically,
changes in behavior and disease state. Altered epigenotype and gene transcription found
in the brains of offspring derived from stress- or nicotine-exposed parents is made
meaningful by the existence of an altered phenotype or disease state. The role of histone
modifications in mediating behavior has been explored in clinical and preclinical models.
For example, similar to single nucleotide polymorphisms and gene variants, variable
DNA methylation or histone acetylation and methylation have been implicated in the
occurrence of psychiatric disorders in humans. In addition, rodent models in which
intermediary molecules that mediate epigenetic cellular cascades have been deleted also
yielded evidence of the functional importance of these marks (Bredy et al., 2010).
Therefore, the epigenome has been implicated in mediating response to drugs (Biliński et
al., 2012; Nielsen et al., 2012), neuropsychiatric disorders that include anxiety (Jakobsson
et al., 2008) and depression (Petronis, 2003), and response to stress (Maurice et al.,
2008). In addition, response to nicotine and stress are directly modulated by epigenetic
mechanisms. For example, methylation of monoamine oxidase (Mao) has been associated
with nicotine dependence in women (Philibert et al., 2008). Increased methylation of the
serotonin transporter gene (Slc6a4) drives increased amygdala reactivity to a fearful
stimulus and is correlated with the incidence of dysregulated stress response (Nikolova et
al., 2014). The ability for researchers to conduct epigenome wide association studies
(EWAS) will add substantially to our understanding of how variation in the epigenome is
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causally linked to phenotypes in humans (Marsit, 2015). In addition, epigenetic
modifications found in rodent models can be mechanistically linked to phenotype via the
availability of gene editing tools (Gupta and Musunuru, 2014).

Epigenetic transmission and the adaptive advantage of single generation inheritance
Given that changes in phenotype can be transmitted from parents to future
generations of offspring through transgenerational epigenetic inheritance, it must also be
considered why this mechanism exists. First, epigenetic inheritance has an advantage
over classical inheritance because of the speed at which it mediates change. Fast-forward
or rapid evolution can occur that is capable of producing adaptation to the environment
that offspring will encounter (Jablonka and Raz, 2009). The gestation period for humans
and rodents is a small portion of each animal’s lifetime. Therefore the preconception
environment and birth environment are likely to be strikingly similar, and inheritance of
epigenetic marks derived from the environment facilitates cellular knowledge of survival
pressures.
When the environment of offspring is not aligned with epigenetic adaptation, it
may lead to inheritance of a maladaptive phenotype (Bohacek and Mansuy, 2012). For
instance, in the case of increased physiological response to stress in offspring of stressexposed parents (Rodgers et al., 2013), if the anticipated environment is no longer
present, i.e. everlasting threat, then the over-active stress response is dysregulated and
out-of-context for the animal’s daily experience. Because complex cellular cascades are
mediated by drugs of abuse, disease states may be particularly susceptible to parental
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exposure to these chemicals (Jirtle and Skinner, 2007). For example, in our own research,
we found both enhanced and blunted sensitivity to chronic nicotine exposure in several
generations of mice along with altered anxiety and startle outcomes. However, if the
parental environment is the same for offspring, retention of the epigenetic memory and it
effects on behavior supports fitness and survival. Darwin explained this hypothesis
eloquently when he wrote: "There is a struggle for existence leading to the preservation
of each profitable deviation of structure or instinct (Darwin, 1859)”. This concept is
strengthened by the neo-Lamarckian hypothesis that epigenetic inheritance drives single
generation evolution in physiology and behavior (Skinner, 2015). Therefore, we exist in a
state in which evolutionary pressure is felt in real-time and mediated by the heritable
epigenome. There is no better indication of this phenomenon than when the impact of
historical events that mediate changes in the environment experienced by parents has a
ripple effect in mediating epigenomic-derived changes in physiology and behavior in
offspring for several generations (Bowers and Yehuda, 2016). The implications of having
this knowledge is striking. The choices we make directly shape the physiology, behavior,
and experiences of our children, grandchildren, and future generations.
Finally, because environmental stimuli are capable of driving epigenetic
inheritance within a single generation, we hypothesize that epigenetic profiles are a
collection of ancestral exposures to the environment over time. This is supported by data
generated in Chapter 4, in which nicotine and stress exposure interacted across
generations to affect offspring phenotypes. Although not directly investigated, we argue
that further experiments would also reveal unique epigenomes and transcriptomes in the
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animals whose lineages were derived from both exposures. This would yield additional
evidence that the current state of the epigenome is best suited and adapted for the present
environment and that epigenetic modifications to DNA serve as a molecular memory of
ancestral origins.

Concluding Remarks
Exposure to environmental stimuli has lasting effects that can be inherited by
future generations of offspring. In this dissertation we identified the long-term impact of
adolescent chronic unpredictable stress exposure on adult behavior and gene expression.
In addition, we determined that adolescent stress is inherited through paternal or maternal
exposure by two generations of offspring resulting in altered phenotypes and
transcriptomes. We extended our studies to include paternal nicotine exposure and
characterized complex familial inheritance patterns in three generations of offspring.
Finally, we determined that two environmental exposures, stress and nicotine, can
interact across generations to impact offspring behavior. We have demonstrated that the
epigenome is the intersection between parental exposure to stress or nicotine and
reprogramming of the adult brain of offspring. In addition, we have discussed the
evolutionary advantage of across-generation inheritance of parental experience. These
studies contribute to our understanding of adolescence as a critical window for stress
exposure and provide evidence of a stress paradigm that may be used to study adolescent
experience-based mediation of adult anxiety disorders. Importantly, we identified that the
inheritance of stress exposure mediates response to nicotine, and we identified novel
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molecular targets altered by paternal stress exposure using an unbiased, deep-sequencing
assessment of the transcriptome, both of which are novel additions to the stress
inheritance field. Lastly, we characterized a very novel two-exposure paradigm to study
the interaction of two critical factors that impact an individual’s health and behavior, and
we examined the influence they have on subsequent generations.

148

APPENDIX
ACTIVATION OF α4β2*/α6β2* NICOTINIC RECEPTORS ALLEVIATES
ANXIETY DURING NICOTINE WITHDRAWAL WITHOUT UPREGULATING
NICOTINIC RECEPTORS

Nicole L. Yohn1, Jill R. Turner2, Julie A. Blendy1

1

Department of Systems Pharmacology and Translational Therapeutics, Perelman School

of Medicine, University of Pennsylvania, PA 19104
2

Department of Drug Discovery and Biomedical Sciences, South Carolina College of

Pharmacy, University of Couth Carolina, Columbia SC 29208

Originally published in the Journal of Pharmacology and Experimental Therapeutics
2014 May; 349(2): 384-54.
PMID: 24627467
ACKNOWLEDGEMENTS: This work was supported by the National Institute of
Health/National Institute for Drug Abuse/National Cancer Institute [Grants P50
CA143187, K99 DA032681, T32 DA28874]. We thank AbbVie for generously providing
ABT-089 and ABT-107 and Dr. Lynne Rueter (Associate Director II, Neuroscience
Discovery; AbbVie) for helpful discussions. We thank Ms. Emily Fernandez for
experimental assistance.
149

Abstract
While nicotine mediates its effects through several nicotinic acetylcholine receptor
(nAChR) subtypes, it remains to be determined which nAChR subtypes directly mediate
heightened anxiety during withdrawal. Relative success in abstinence has been found
with the nAChR partial agonist Varenicline (Chantix; Pfizer), however treatment with
this drug fails to alleviate anxiety in individuals during nicotine withdrawal. Therefore, it
is hypothesized that success can be found by the repurposing of other nAChR partial
agonists for cessation therapies that target anxiety. Interestingly, the selective partial
agonists for α4β2, ABT-089, and α7, ABT-107, (AbbVie) have not been evaluated as
possible therapeutics for nicotine cessation. Therefore we examined the effect of ABT089 and ABT-107 on anxiety during withdrawal from nicotine in the novelty-induced
hypophagia (NIH) paradigm. We found that acute ABT-089 and ABT- 107 alleviate
anxiety-like behavior during withdrawal from nicotine while chronic ABT- 089 but not
chronic ABT-107 reduces anxiety-like behavior during withdrawal. Following behavioral
testing, brains were harvested and beta2-containing nAChRs were measured using
[3H]Epibaditine. ABT-089 and ABT-107 do not upregulate nAChRs, which is in contrast
to the upregulation of nAChRs observed following nicotine. Furthermore, ABT-089 is
anxiogenic in nicotine naïve animals, suggesting that the effects on anxiety are
specifically related to the nicotine-dependent state. Together, these studies identify
additional nAChR partial agonists that may aid in the rational development of smoking
cessation aids.
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Introduction
Cigarette smoking is the leading cause of death in the United States each year
(Centers for Disease Control and Prevention (CDC), 2002). However, approximately
20% of the American population smokes despite the acknowledged health risks and
socioeconomic costs (Centers for Disease Control and Prevention (CDC), 2011). In
addition, maintenance of smoking cessation is at best modest, with 80% of smokers
relapsing within the first year of quitting (Polosa and Benowitz, 2011). It is projected that
if prevalence of use does not decrease from present rates, cigarette smoking and tobacco
use will result in 10 million deaths per year by 2020 (Adhikari et al., 2009). Thus,
identification of effective smoking cessation therapies is urgently needed.
Nicotine, which is the major addictive component in tobacco, plays a critical role
in initial tobacco reinforcement and dependence (Le Foll and Goldberg, 2005). While
many factors influence ongoing nicotine dependence, relapse to smoking is highly
correlated with the severity of withdrawal symptoms present during abstinence (Ockene
et al., 2000; Krall et al., 2002). These symptoms include difficulty concentrating,
increased craving, depressed mood, and increased anxiety (Hughes, 1992; 2007).
Varenicline (Chantix; Pfizer), a partial agonist at α4β2 nicotinic acetylcholine receptors
(nAChRs) and a full agonist at α7 and α3β4 nAChRs is currently the best in class
treatment for smoking cessation (Coe et al., 2005; Garrison and Dugan, 2009). However,
while varenicline has been shown to improve both concentration and depressed mood and
mitigate craving, recent studies in mice and human subjects have shown treatment does
not improve nicotine withdrawal-induced anxiety (Turner et al., 2013b; Cinciripini et al.,
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2013). This may be of special importance because anxiety arising due to nicotine
withdrawal has been correlated with relapse rates (Zhou et al., 2009).
Nicotine acts at multiple nAChR subtypes and understanding which subtypes
contribute to the detrimental side effects experienced during withdrawal is critical for
identification of novel and improved therapeutics. More specifically, it is important to
examine how targeting of the cholinergic system can promote abstinence by reducing
withdrawal-induced anxiety. The various subtypes of nAChRs play different roles in
anxiety and nicotine withdrawal. For example, alterations in the activation of the α4
nAChR subunit result in heightened anxiety (Ross et al., 2000; Labarca et al., 2001).
Furthermore, although α7 nAChRs have not been implicated directly in anxiety (Paylor
et al., 1998; Vicens et al., 2011) they are necessary in the ventral tegmental area (VTA)
for the expression of withdrawal from nicotine suggesting that targeting of the α7
subtype may also relieve nicotine withdrawal symptoms (Nomikos et al., 1999).
Chronic nicotine exposure produces a region specific upregulation of β2containing nAChRs. This phenomenon is thought to contribute to nicotine addiction
(Wonnacott, 1990; Marks et al., 1992; Buisson and Bertrand, 2002) and has been
confirmed in several systems including cultured cells and rodent and human tissues
(Marks et al., 1983; Schwartz and Kellar, 1985; Benwell et al., 1988; Peng et al., 1994;
Breese et al., 1997; Perry et al., 1999; Staley et al., 2006). Chronic exposure to
varenicline upregulates nAChRs, which parallels its anxiolytic effects during cessation
from nicotine (Turner et al., 2011). However the more selective α4β2 nAChR compound,
sazetidine-A, does not increase nAChRs despite behavioral anxiolytic
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effects (Turner et al., 2010; Hussmann et al., 2012; Turner et al., 2013b). Therefore, the
role of nAChR upregulation in mediating withdrawal-induced anxiety is as yet unclear.
ABT-089 (2-Methyl-3-(2(S)-pyrrolidinylmethoxy)pyridine; structure in Lin et al., 1997)
is a selective partial agonist for α4β2* receptors with high selectivity for α4α5β2 and
activity at α6β2* receptors (Rueter et al., 2004; Marks et al., 2009). ABT-089 has been
rigorously studied as a treatment for cognitive disorders, and has been used successfully
in patients with Alzheimer’s disease (AD) and attention deficit disorder with few
unintended side effects (Lin et al., 1997; Rueter et al., 2004). ABT-107 (5-(6-[(3R)- 1azabicyclo[2.2.2]oct-3-yloxy] pyridazin-3-yl)-1H-indole; structure in Bitner et al., 2010)
is a selective agonist with high affinity at α7 nAChRs that has been characterized as a
cognitive enhancer in animal models of AD and has low incidence of side effects at
varying doses in patients (Bitner et al., 2010; Malysz et al., 2010; Othman et al., 2011).
Both ABT-089 and ABT-107 enhance learning in naïve animals (Decker et al., 1997;
Bitner et al., 2010). However, ABT-089 and ABT-107 have not been evaluated for their
role in reducing anxiety following nicotine withdrawal or regulation of nAChRs.
Therefore, we tested ABT-089 and ABT-107 and the selective targeting of distinct
nAChR subtypes in order to identify which subtype may mediate anxiety during
withdrawal from nicotine.

Materials and Methods
Animals
Male 129SvJ;C57Bl/6J F1 hybrid mice (6-12 weeks of age, 20-30 g) were
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purchased from Taconic Farms (Hudson, NY), double-housed, and maintained on a 12- h
light/dark cycle with food and water ad libitum in accordance with the University of
Pennsylvania Animal Care and Use Committee. All experimental testing sessions were
conducted between 9:00 a.m. and 1:00 p.m., with animals randomly assigned to treatment
conditions and tested in counterbalanced order. For all studies, mice were acclimated to
the behavioral testing facility for 1 hour prior to testing.

Drugs
Doses of nicotine tartrate (Sigma Aldrich, St. Louis, MO), ABT-089 and ABT-107
(synthesized by AbbVie, North Chicago, IL), are reported as free base weight. For acute
studies, all drugs were prepared immediately before use in 0.9% saline and injected
intraperitoneally. Dose response curves indicated that 1.2mg/kg for ABT-089 and 0.03
mg/kg for ABT-107 (data not shown) do not alter locomotor activity in male
129SvJ;C57Bl/6J F1 hybrid mice.
For chronic treatment studies, nicotine (18mg/kg/day), ABT-089
(0.769mg/kg/day), and ABT-107 (0.32mg/kg/day) were dissolved in 0.9% saline solution
and administered for 14 days subcutaneously via osmotic minipump (model 2002; Alzet,
Cupetino, CA). Mice were anesthetized with an isoflurane/oxygen mixture (1-3%), and
osmotic minipumps were inserted subcutaneously using aseptic surgery techniques.
Minipumps were placed parallel to the spine at shoulder level with the flow moderator
directed away from the surgical incision. The wound was closed with 7-mm stainless
steel wound clips (Reflex; Cellpoint Scientific, Gaithersburg, MD).
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Novelty-induced hypophagia
One week prior to the start of training, mice were housed in groups of two. Training days
consisted of daily sessions in which mice were exposed to a highly palatable food (peanut
butter chips; Nestle, Glendale, CA) presented in a clear plastic dish. During training and
home cage testing sessions, a plastic insert (dividing the standard cage lengthwise) was
used to separate mice in each cage. Mice were acclimated to the barriers 1 hour prior to
presentation of the food. Food was placed in the cage for 15 minutes and latency to
consume was measured (seconds). Training criterion was met once a latency under 20
seconds to approach and consume the food with <20% variability existed between mice.

EXPERIMENT 1: Acute administration
For acute ABT-089/ABT-107 drug treatment studies, mice were implanted with
14-day osmotic minipumps filled with nicotine or saline (For experimental design
schematic see Figure 1A). On the last day of minipump viability, animals were tested in
the home cage environment 10 minutes following an injection of saline. After the home
test occurred, the nicotine minipump was removed in three-fourths of the nicotine treated
animals and half of the saline treated animals. Twenty-four hours later, animals were
acclimated for novel testing day and given an intraperitoneal injection ABT- 089/ABT107 or saline 10 minutes prior to testing in the novel environment. The novel
environment consisted of an empty standard cage with no bedding which was wiped with
cleanser (1:10 pine sol dilution) to supply a novel odor, and placed in a white box with
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white light illumination (2150 lux). Latency to consume was recorded over 15 minutes.
On both test days, the amount consumed (grams) of peanut butter chips was recorded.

EXPERIMENT 2: Chronic administration
For chronic drug treatment studies, mice were implanted with 14-day osmotic
minipumps filled with nicotine or saline. After 14 days, nicotine minipumps were
removed and replaced with a 14-day osmotic minipump containing either nicotine, ABT089, or ABT-107. Following seven days of the 2

nd

treatment, osmotic minipumps were

removed from half of the nicotine, ABT-089, and ABT-107 treatment groups to initiate
spontaneous withdrawal. The remaining animals continued drug treatment for an
additional seven days or underwent seven days of withdrawal from nicotine, ABT-089, or
ABT-107. A home day was conducted and novel day testing occurred 24 hours later.
Animals were sacrificed and brains were harvested for receptor binding experiments (For
experimental design schematic see Figure 2a).

Receptor Binding
Mice used in the chronic ABT-089/ABT-107 experiment were sacrificed and used
for the receptor binding experiment. Brain regions examined were constrained by a
minimal tissue amount required for homogenate-binding assays. Tissues were harvested
from animals immediately following behavioral testing. The samples were
homogenized in 50 mM Tris-HCl (Sigma Aldirch, St. Louis, MO) buffer, pH 7.4 at 24°C,
and centrifuged twice at 35,000 x g for 10 minutes in fresh buffer. The membrane pellets
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were resuspended in fresh buffer and added to tubes containing a saturating concentration
3
3
3
(2 nM) of [ H]epibaditine ([ H]EB; PerkinElmer, Boston, MA). [ H]EB binds is a highaffinity ligand for all heteromeric nAChRs with low nonspecific binding (Badio and
3
Daly, 1994). [ H]EB was incubated with tissue in Tris buffer pH 7.4 for 2 hours at 24°C
3
with [ H]EB. Bound receptors were separated from free ligand by vacuum filtration over
GF/C glass fiber filters (Brandel, Gaithersburg, MD) that were pretreated with 0.5%
polyethyleneimine (Sigma Aldrich, St. Louis, MO). The filters were then counted in a
liquid scintillation counter. Nonspecific binding was determined in the presence of 300
μM nicotine, and specific binding was defined as the difference between total binding
and nonspecific binding.

Statistical Analysis
All data are presented as mean± stanadard error of mean (SEM). For experiment
1, latency served as a dependent variable in two-way analysis of variance (ANOVA)
followed post hoc by Bonferroni multiple comparisons test to detect differences. In
experiment 2 (Figure 2) a repeated measures two-way ANOVA was used to determine
significant differences between treatment groups with time (Home Day, Novel Day) as a
repeated-measure (within) factor. A planned comparison (Bonferroni multiple
comparison) was performed to test the hypothesis that chronic ABT-089 or ABT-107
administration during nicotine withdrawal show decreased latency to consume in a novel
environment, comparing the Nic/ABT-089 and Nic/ABT-107 group with all other groups.
For receptor binding studies an ANOVA followed post hoc by Bonferroni multiple
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comparisons was used to detect differences between treatment groups. Statistical analyses
were carried out using the GraphPad Prism 5.0 software package (GraphPad Software,
San Diego, CA).

Results
Acute ABT-089 and ABT-107 are anxiolytic during nicotine withdrawal in the NIH
test
Withdrawal from chronic nicotine increases latency to consume in a novel environment
and acute administration of ABT-089 and ABT-107 significantly reduces this latency
(Figure 1b). There are significant differences between treatment groups on novel day
(main effect of day, F(1,35)=82.34, P < 0.0001; main effect of treatment, F(4,35)=9.736,
P < 0.0001; interaction, F(4,35)=10.25, P < 0.0001). Bonferroni post hoc analysis
indicated that nicotine treated mice had significantly lower latency to consume (P < 0.05)
while mice experiencing 24h withdrawal from nicotine had significantly greater latency
to consume (P < 0.001) when compared to saline treated controls. An acute
administration of ABT-107 significantly reduced latency to consume the food in the
novel environment during 24h withdrawal from nicotine (P < 0.01) when compared to
saline controls. Administration of ABT-107 and ABT-089 significantly reduced latency
to consume at 24h withdrawal when compared to mice undergoing 24h withdrawal from
nicotine (P < 0.0001). Similarly, animals maintained on nicotine showed a reduced
latency to consume in the novel environment when compared to animals experiencing
24h withdrawal from nicotine (P < 0.0001). There was no change in amount consumed
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between home day and novel test day (data not shown).

Chronic ABT-089 is anxiolytic during nicotine withdrawal in the NIH test
To better model a therapeutic administration paradigm, we tested the impact of ABT-089
and ABT-107 on withdrawal induced anxiety following a chronic exposure of the drug. A
schematic of the chronic administration paradigm is shown in Figure 2a. Data in Figure
2b demonstrate that 14 day administration of ABT-089 and ABT-107 during nicotine
withdrawal reduced latency to consume compared to saline controls, although not
significantly (main effect of day, F(1,24)=18.22, P = 0.0003). Planned comparison of
Nic/ABT-089 and Nic/ABT-107 to other treatment groups revealed that when compared
to nicotine withdrawal (7d), ABT-089 significantly reduced latency to consume (P <
0.05), while ABT-107 did not. Animals in which minipumps were removed to induce
spontaneous withdrawal from ABT-089 or ABT-107 did not show reduced latency to
consume in the novel environment as compared to saline controls or nicotine withdrawal.

ABT-089 does not upregulate nAChRs during nicotine withdrawal
As previously demonstrated, nicotine upregulates nAChRs and receptors return
to basal levels as early as 24h into withdrawal from nicotine (Figure 3 and Turner et al.,
2011). Chronic nicotine increases nAChRs in the hippocampus, cortex, striatum, and
thalamus (Figure 3; main effect of treatment, Hippocampus: (F (4,27)=8.462;P = 0.0001),
Cortex: (F(4,29)=15.91;P < 0.0001), Striatum: (F(4,29)=8.017;P = 0.0002), Thalamus:
(F(4,28)=6.774;P = 0.0006). However, following seven days of withdrawal from nicotine
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(WD), nAChRs are no longer upregulated when compared to saline control animals.
ABT-089 (Nic/ABT-089) and ABT-107 (Nic/ABT-107) administration over during
withdrawal from nicotine does not maintain upregulated nAChRs when compared to
saline control animals.

ABT-089 alone does not upregulate nAChRs
To determine if chronic administration of ABT-089 alone can upregulate nAChRs,
brain regions of interest were harvested from animals exposed to ABT-089 for 14 days.
Chronic administration of ABT-089 in nicotine naïve mice did not significantly
upregulate nAChRs in the hippocampus, cortex, striatum, or thalamus of treated animals
compared to saline controls. Hippocampus: (F (2,21)=0.3893;P = 0.6820). Cortex:
(F(2,19)=0.3749;P = 0.6923). Striatum: (F(2,21)=0.9581;P = 0.3998). Thalamus:
(F(2,20)=2.985;P = 0.0734). Additionally, there is no up- or downregulation of receptors
following 24h withdrawal from ABT-089 in brain regions chosen for analysis (Figure 4).

ABT-089 alone is anxiogenic in naïve animals
Since ABT-089 chronically blocked nicotine-induced anxiety in nicotine dependent
mice, we tested the effects of chronic ABT-089 in nicotine naïve mice. An effect of day
was revealed using two-way ANOVA (F (1,21) = 61.06; P < 0.0001) however there was
no effect of treatment on latency to consume (Figure 5). While, latency to consume in the
novel environment appears greater in animals treated with chronic ABT-089 as well as in
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animals undergoing 24h withdrawal from chronic ABT-089 at the time of testing, this
increase in latency is non-significant.

Discussion
Acute administrations of ABT-089 and ABT-107 alleviate anxiety during nicotine
withdrawal however only ABT-089 is effective in alleviating anxiety following chronic
administration. Additionally, ABT-089 mediates its effects without upregulating
nAChRs, a hallmark of sustained nAChR activation with nicotine. Therefore, ABT-089
may be an effective compound in treating individuals with heightened anxiety during
nicotine abstinence through a different cellular mechanism than other cessation therapies.
While administration of varenicline during smoking cessation results in the improvement
of both positive affect and cognitive function (Patterson et al., 2009), efficacy in
alleviating anxiety during nicotine withdrawal is more complicated (Cinciripini et al.,
2013). Specifically, acute but not chronic varenicline reduces anxiety during withdrawal.
For example, in naïve animals, acute and chronic varenicline administration is anxiolytic
in the NIH test (Turner et al., 2010). However, in nicotine-experienced animals, acute
administration of varenicline during nicotine withdrawal fails to alleviate anxiety-like
behavior (Turner et al., 2013b), suggesting a differential effect of varenicline based on
the drug experienced state of the subject. Additionally, a recent study in smokers
identified anxiety as one of the symptom domains in which varenicline treatment was
ineffective (Cinciprini et al., 2013). Therefore this lack of anxiolytic activity during
nicotine withdrawal may underlie the low success rate of varenicline in a subset of
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smokers (Garrison and Dugan, 2009; Moore et al., 2010). Because varenicline acts at a
number of different nAChR subtypes, identifying those subtypes that underlie the
beneficial effects of the drug while avoiding subtypes responsible for negative side
effects is necessary. Additionally, using a more selective ligand to produce desirable
effects during nicotine withdrawal could provide tailored therapies to suit the individual
needs of quitters.
Nicotine exerts its biological effects through activation of central nAChRs that
exist as subtypes determined by α and β subunit compositions (Gotti and Clementi,
2004). The heteromeric α4β2* subtype and the homomeric α7 are the most prevalent
receptor subtypes in the central nervous system (Court et al., 2000). Varenicline, the best
in class medication for smoking cessation, acts at both of these subtypes (Coe et al.,
2005). ABT-089 is selective for the α4β2* and α6β2* (Marks et al., 2009) subtypes
that have been implicated in anxiety (Ross et al., 2000; Labarca et al., 2001). ABT-107 is
selective for the α7 subtype (Malysz et al., 2010) that has been implicated in generalized
nicotine withdrawal syndrome (Nomikos et al., 1999). Therefore, we used these highlyselective nicotinic compounds to determine the contribution of specific subtypes during
nicotine withdrawal on anxiety using the NIH paradigm and further examined the effects
of these drugs on receptor regulation with [3H]EB binding assay. The NIH paradigm is a
sensitive measure for potential anxiolytic drugs and anxiogenic effects of withdrawal on
both acute and extended drug administration paradigms (Dulawa et al., 2004; Dulawa and
Hen, 2005). The NIH test is sensitive to the anxiolytic effect of chronic nicotine (Turner
et al., 2010; Turner et al., 2013b) and the anxiogenic effect of 24h withdrawal from
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nicotine (as shown in Figure 1). Acute administration of ABT-089 and ABT-107 during
24h withdrawal from chronic nicotine treatment reduces anxiety-like behavior in animals
(Figure 1b). However, chronic administration of ABT- 089, but not ABT-107, during
nicotine withdrawal showed a significant decrease in latency to consume compared to
animals undergoing seven day WD from nicotine (Figure 2b).
Nicotine withdrawal typically causes an increased latency to consume food in a
novel environment above that of saline treated animals (Figure 1b and Turner et al., 2010;
2013a; 2013b). However, these observations are generally evident during the first 24 to
72 hours of nicotine withdrawal. In Figure 2b the long-term effects of nicotine
withdrawal are observed and data demonstrate that increased anxiety occurs compared to
chronic nicotine administration during nicotine withdrawal that persists beyond a 72 hour
timepoint. Thus, chronic exposure of ABT-089 throughout the withdrawal period when
individuals may be particularly vulnerable to withdrawal-induced anxiety is an important
aspect of our study design. In humans, while most reports of anxiety occur during the
first 24 hours, a return to baseline can take up to four weeks (Hughes, 1992). Therefore,
the efficacy of ABT-089 to reduce anxiety within an extended time period suggests it
would be an effective treatment for the alleviation of both the initial anxiety experienced
during withdrawal (Figure 1) as well as anxiety over the course of abstinence. However,
it should be noted that the anxiolytic effect of ABT-089 is only evident when drug is on
board as latency to consume in a novel environment is increased 7 days after withdrawal
from ABT-089 (Figure 2b).
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Previous studies suggest that the upregulated pool of nAChRs arising from
chronic exposure to nicotine may drive elements of the nicotine withdrawal syndrome
(Turner et al., 2011; Gould et al., 2012) and this protracted upregulation of nAChRs has
been correlated with reduced ability to maintain abstinence in the clinical population
(Staley et al., 2006). Therefore, to determine if ABT-089 reduced anxiety during nicotine
withdrawal in the NIH via maintenance of upregulated nAChRs, we quantified [3H]EB
binding density following chronic ABT-089 administration during nicotine withdrawal.
Chronic ABT-089 does not upregulate heteromeric nAChRs during nicotine withdrawal
(Figure 3). However, it is effective in alleviating anxiety during withdrawal (Figure 2b).
Likewise, chronic ABT-107 does not upregulate heteromeric nAChRs (Figure 3). This
outcome was expected as α7 nAChRs do not upregulate to the same degree as
heteromeric nAChRs following chronic nicotine treatment (Mugnaini et al., 2002). These
findings suggest that ABT-089 functionally reduces anxiety during nicotine withdrawal
without maintaining upregulation of heteromeric nAChRs. Therefore, in contrast to
varenicline, ABT-089 allows nAChRs to down-regulate back to saline levels while
providing an anxiolytic effect during withdrawal from nicotine.
Due to the efficacy of ABT-089 in alleviating nicotine withdrawal-induced
anxiety we sought to determine if chronic ABT-089 alone could reduce anxiety in the
NIH, thereby broadening the clinical applications of this compound. In addition, we
evaluated whether abstinence from chronic ABT-089 produces a withdrawal state that
may impact anxiety-like behavior. We found that administration of ABT-089 for two
weeks in drug- naïve animals did not decrease anxiety in the NIH. In addition, 24h
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withdrawal from ABT-089 did not significantly increase latency compared to saline
treated animals (Figure 5). While a previous study showed ABT-089 decreased anxiety,
this was following acute rather than chronic administration (Lin et al., 1997). In addition,
unlike the decrease in latency observed with chronic nicotine administration (Figure 1b),
ABT- 089 administration fails to produce an anxiolytic effect. The vastly different
behavioral effects of ABT-089 compared to nicotine suggest that the partial agonist
activity produces different biochemical effects compared to the promiscuous activity of
nicotine. Additionally, our findings from [3H]EB binding assays demonstrate that chronic
ABT-089 administration in drug-naïve animals does not upregulate nAChRs (Figure 4),
similar to its effects in nicotine dependent animals.
Our findings suggest that partial activation of α4β2*/α6* and α7 nAChRs
may have an effect on the initial anxiety experienced during nicotine withdrawal and
sustained activation of α4β2*/α6* nAChRs through chronic exposure to ABT-089
during nicotine withdrawal alleviates anxiety. This finding supports previous research
implicating α4 in anxiety (Ross et al., 2000; Labarca et al., 2001). Additionally, β2
knockout mice, and therefore bereft of α4β2* heterodimers, have reduced anxiety
during withdrawal from chronic nicotine and following mecamylamine precipitated
withdrawal from nicotine (Jackson et al., 2008). Finally, a subset of α6-containing
nAChRs (α6β2β3*) regulate sustained release on dopamine nerve terminals and
therefore may provide the efficacy through which both acute and chronic ABT-089
alleviate withdrawal symptoms (Marks et al., 2009). To date, α7 nAChRs have not been
implicated in anxiety during nicotine withdrawal (Vicens et al., 2011) and they do not
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appear to be necessary for somatic signs of withdrawal (Markou and Paterson, 2001).
However, as acute ABT-107 reduced latency to consume during nicotine withdrawal, the
targeting of α7 nAChRs may relieve withdrawal symptoms by activating nAChRs in the
absence of nicotine.
Finally, findings from this study suggest a complex association between nAChR
regulation and behavior. This study is the first to demonstrate that the selective partial
nAChR agonist ABT-089 reduces anxiety during nicotine withdrawal without
maintainingthe upregulated pool of heteromeric nAChRs. However, while the ligand
binding results are similar in drug-naïve and drug-experienced animals exposed to
chronic administration of ABT-089, their behavioral profiles are strikingly different.
These findings highlight the importance of drug screening in nicotine-experienced
animals. Interestingly, ABT-107, a selective partial agonist at α7 nAChRs is capable of
alleviating anxiety at 24h withdrawal from nicotine, but not following extended
administration, suggesting the role of several types of nAChRs in the initial withdrawal
symptoms following nicotine cessation that may differ when withdrawal is extended.
Therefore, the temporal specificity of the roles of discrete nAChR subtypes following the
onset of nicotine withdrawal needs to be further studied to better identify improved
therapeutics for nicotine cessation.
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Figure A. 1 The effect of short-term ABT-089 and ABT-107 on the behavior of mice during nicotine
withdrawal in the NIH. A. Mice were implanted with osmotic minipumps containing nicotine or saline.
After two weeks of treatment minipumps were removed from half of the nicotine animals to induce
spontaneous nicotine withdrawal. ABT-089 and ABT-107 were administered intraperitoneally 10m prior to
NIH testing. B. Latency to consume in the novel environment was measured over 15m and is reported as
mean latency ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 compared with saline on Novel Day. †P <
0.0001 compared to 24h WD on Novel Day. (n = 8-12).
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Figure A. 2 The effect of long-term ABT-089 and ABT-107 on the behavior of mice during nicotine
withdrawal in the NIH. Data are mean (± SEM) of treatment groups composed of five to nine mice per
group. A. Mice were implanted with osmotic minipumps containing nicotine or saline. After two weeks of
treatment minipumps were removed from half of the nicotine animals and replaced with a minipump
containing ABT-089 or ABT-107. One week following minipump switch, minipumps were removed from
half of the nicotine, ABT-089, and ABT-107 treatment groups to induce spontaneous withdrawal. B.
Latency to consume in the novel environment two weeks following minipump switch and one week
following removal of the second minipump animals were tested in the NIH and latency to consume was
measured. Latency to consume in the novel environment two weeks following minipump exchange and 7d
withdrawal from nicotine is reported as mean latency ± SEM. †P < 0.05 compared with nicotine
withdrawal on Novel Day. (n = 4 – 9).
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Figure A. 3 Nicotinic receptor regulation following nicotine withdrawal in the presence or absence of
ABT-089 or ABT-107. Homogenate-binding experiments with a saturating concentration of
[3H]epibadtidine ([3H]EB) were performed on hippocampal, cortical, striatal, and thalamic tissues from
animals treated with chronically with nicotine for two weeks then chronically with ABT-089 or ABT-107
for two weeks during withdrawal from nicotine. Additional treatment groups include animals treated with
chronic saline (four weeks), chronic nicotine (four weeks) and animals treated with nicotine for three weeks
and then withdrawn from nicotine for 7d (via nicotine minipump removal and spontaneous withdrawal).
Data are mean (± SEM) of treatment groups. *P < 0.01, **P < 0.001, *** P < 0.0001 compared with saline.
(n = 5 – 10).
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Figure A. 4 Nicotinic receptor regulation following chronic treatment with ABT-089. Homogenatebinding experiments with a saturating concentration of [3H]Epibadtidine ([3H]EB) were performed on
hippocampal, cortical, striatal, and thalamic tissues from animals treated chronically with ABT-089 or
saline for two weeks. Minipumps were removed from half of the ABT-089 animals to induce spontaneous
withdrawal for 24h. Data are mean (± SEM) of treatment groups. (n = 7 – 8).
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Figure A. 5 The effect of chronic ABT-089 and withdrawal from ABT-089 on the behavior of mice in
the NIH. Data are mean (± SEM) of treatment groups composed of eight mice per group. Mice were
implanted with osmotic minipumps containing ABT-089 or saline. After two weeks of treatment
minipumps were removed from half of the ABT-089 animals to induce spontaneous nicotine withdrawal.
Twenty-four hours later latency to consume in a novel environment over 15m was measured in all
treatment groups. Data is presented as mean latency (± SEM) of treatment groups. (n=8).
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